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ABSTRACT
AN INVESTIGATION OF AQUATIC MACROPHYTE-BASED 
AQUATIC WASTEWATER TREATMENT 
SYSTEMS FOR TEMPERATE CLIMATES
by
Thomas Taylor Eighmy 
U n iv e rs ity  o f New Hampshire, May, 1986
Aquatic treatment systems are a low cost, low energy a l te rn a t iv e  
to  conventional treatment systems; they can provide secondary and 
advanced secondary wastewater treatment c a p a b i l i t ie s  fo r  small com­
m unit ies. The ir p o te n t ia l  a p p l ic a t io n  in  temperate c lim ates has been 
ignored. The research presented here was conducted to  examine th e i r  
a p p l i c a b i l i t y  fo r  use in  temperate regions. A p i lo t - s c a le  aquatic 
macrophyte-based aquatic  treatment system was designed to  t r e a t  
primary e f f lu e n t .  Four aquatic macrophytes ( Elodea n u t t a l1i i , Lemna 
m inor, Myriophyllum heterophyllurn, Ceratophyllum demersum) were 
evaluated as candidates. The h yd ra u l ic ,  o rgan ic , and n u t r ie n t  
loadings to  the reactors  were s im i la r  to  design values fo r  water 
hyacinth ( E ichorn ia  c rass ipes) systems. N i t r i f i c a t i o n  occurred on a
year round basis. Elodea n u t t a l1i i  was the best candidate. The p la n t
- 2  -1was productive  year round (0 .5 -4 .5  g dry wt-m *d ) and re s is ta n t  to  
fo u l in g  by filamentous green algae. Percent removals and removal 
rates o f  wastewater con s t i tue n ts  in  Elodea reactors ind ica ted  th a t  
these systems can provide advanced secondary treatment c a p a b i l i t ie s .  
Removal rates were usua lly  co rre la te d  to p la n t biomass and 
p ro d u c t iv i ty .  When p ro d u c t iv i t ie s  were high, p la n t uptake accounted
xvi
f o r  28-56% o f the n itrogen and 61-99% o f  the phosphorus removal. 
D e t r i ta l  sedimentation accounted fo r  a s ig n i f i c a n t  p ropo rt ion  o f 
n itrogen and phosphorus removal when the p lan ts  were less productive . 
D e n i t r i f i c a t io n  was always an important n itrogen removal mechanism.
The to ta l  n itrogen (TN) and to ta l  phosphorus (TP) content o f the 
macrophytes was high ( E. n u t a l l i i ; 52.6 mg TN-g dry wt 17.7 mg TP*g 
dry wt "*), and were not r a te - 1 im it in g  to  p ro d u c t iv i ty .  Ammonia- and 
n i t r i t e - o x id iz in g  b ac te r ia  were also present in  high concentra tions in
the reac to rs , p a r t i c u la r ly  in  assoc ia tion  w ith  macrophyte and sediment
+ 8 ~ 1 7samples (NH^ -o x id iz e rs ,  10 -g dry wt ; NO2 -o x id iz e rs ,  10 *g dry
wt ^). E. n u t t a l1i i  was shown to  be p h o to sy n th e t ic a l ly  robust; i t s
CO2 compensation p o in t  ( r  = 44.4 p l*L  ^ ) ,  oxygen e vo lu t io n  k in e t ic s
( Km (C02) = 96 pM; Vmax = 160 pmol-mg Chi_1 *h "1) ,  and RUBISCO/PEPcase
r a t io  ( 6 . 6 ) ind ica te  th a t  i t  was adapted to  low carbon cond it ions  in
the reac to r. Isotope d is e q u i l ib r ia  experiments and metabolic
in h ib i to r s  were used to  show the presence o f an a c t ive  t ra n sp o r t
HCO-j ~H+ symport which provided high in te rn a l  CO2 concen tra t ions;
making Elodea p a r t i c u la r ly  well su ited  fo r  use in aquatic treatment
systems where inorgan ic  carbon may, a t times, be l im i t in g .
CHAPTER I
AQUATIC TREATMENT SYSTEMS 
FOR WASTEWATER TREATMENT
In tro d u c t io n
The Clean Water Act (PL 92-500) and i t s  amended form (PL 95-217) 
requ ire  m u n ic ip a l i t ie s  to  t r e a t  e f f e c t iv e ly  municipal wastewater from 
pub lica lly -ow ned treatment works (POTWs) in  order to improve the 
q u a l i t y  o f  the rece iv ing  waters. S tr ing en t e f f lu e n t  g u ide lines , which 
are dependent upon the q u a l i ty  o f the re ce iv in g  waters, o ften  requ ire  
m u n ic ip a l i t ie s  to  remove both organic and inorgan ic  contaminants from 
the wastewater. Such requirements w i l l  become more important as 
a va ila b le  d r in k in g  water supplies dwindle and wastewater reuse becomes 
a necess ity . Conventional advanced wastewater treatment systems are 
gene ra l ly  very e ne rgy- in tens ive , d i f f i c u l t  to  operate, and sometimes 
in e f fe c t iv e  in  removing trace  contaminants (M iddlebrooks, 1980).
A recent U.S. Government Accounting O ff ice  report (CED-81-9, Nov. 
14, 1980) describ ing  the performance o f the na t io n 's  municipal waste­
water treatment f a c i l i t i e s  revealed th a t ,  o f  the 242 randomly selected 
p lan ts  examined, 87 percent were in  v io la t io n  o f the Federal e f f lu e n t  
discharge regu la t ions  fo r  a t le a s t 1 month o f  the year, and 56 percent 
o f  those v io la t io n s  were fo r  more than h a l f  o f  the year. These 
serious v io la t io n s  o f e f f lu e n t  discharge standards can, in  p a r t ,  be 
a t t r ib u te d  to  high operation costs fo r  treatment f a c i l i t i e s  ( H i l l  e t  
a l . ,  1979). These operating costs can be expected to  increase w ith
r i s in g  energy costs. Energy costs fo r  operation o f  prime movers such 
as pumps and blowers account fo r  20 to  40 percent o f the operating 
costs. This demand represents a quarter to  a th i r d  o f the energy 
purchased y e a r ly  by municipal governments (Bender, 1979).
Consequently, innovative  wastewater treatment systems are needed 
to  amend th is  s i tu a t io n .  Indeed, the Clean Water Act, in  i t s  amended 
form (PL 95-217), encourages the use o f  innova tive  and a l te rn a t iv e  
technologies fo r  wastewater treatment. I t  a lso requires energy con­
serva tion  and cost e ffec t iveness  during treatment. A major problem 
which e x is ts  is  f in d in g  a so lu t io n  to implement both advanced waste 
treatment systems and cost e f fe c t iv e  systems. This is  a p a r t ic u la r  
problem in areas where the serviced popu la tion  cannot finance and 
maintain such f a c i l i t i e s .
One class o f treatment system which has been proposed re cen t ly  
fo r  advanced waste treatment in  small communities is  aquatic t r e a t ­
ment. Aquatic treatment systems, though s t i l l  in  development stages, 
appear to  be low cost, low energy demanding so lu t ions  to  wastewater 
treatment (C r i te s ,  1979). Aquatic treatment systems are ones in  which 
wastewater is  applied to  natura l or man-made wetlands (marshes, ponds, 
peat bogs, cypress domes, e tc . )  or to basins conta in ing  f r e e - f lo a t in g  
or submersed aquatic macrophytes. These systems net only remove 
organics c o n tr ib u t in g  to  biochemical oxygen demand (BOD) and to ta l  
suspended so lid s  (TSS) as in  conventional secondary wastewater t r e a t ­
ment systems, but also are very e f f i c i e n t  a t removing n u tr ie n ts  
(n it rog e n  and phosphorus), heavy metals, and trace  organics. They are 
a lso biomass generators which may generate p la n t m ater ia l fo r  anaerobic 
d ig es t ion  and methane production (Benemann, 1979). Biogas generation
has the p o te n t ia l  o f  reducing p la n t  operating costs (C r i te s ,  1979).
As anaerobic d iges t ion  o f sewage sludge is  a common p ra c t ice  in 
municipal wastewater treatment processes, i t  would be b e n e f ic ia l  to 
augment the d iges t ion  process w ith  a carbon and n u t r ie n t  source derived 
from waste-generated p la n t  biomass (Bagne ll, 1979; Klass and Ghosh,
1977; Wise e t a l . , 1979).
Aquatic Treatment Systems
Aquatic treatment systems are defined as wastewater treatment 
systems which use rooted emergent, f lo a t in g ,  or submergent aquatic 
p lan ts  and th e i r  m ic rob ia l and a lga l epiphytes as the p r in c ip a l  t r e a t ­
ment mechanisms in  a less managed pond or wetlands a p p l ic a t io n  or in  a 
more in te nse ly  managed lagoon or greenhouse-covered tank a p p l ic a t io n .  
Figure 1-1 schem atica lly  depic ts  the d i f fe r e n t  types o f aquatic t r e a t ­
ment systems. The d if fe re n ce  between conventional and aquatic t r e a t ­
ment systems is  th a t  in  conventional systems treatment is  rap id  and 
h ig h ly  managed, w h ile  in  aquatic  systems, treatment is  slower and less 
managed (Stowell e t  a l . ,  1981).
The ro le  o f the aquatic  macrophyte in  terms o f n u t r ie n t  removal 
by uptake and harvesting is  co n tro v e rs ia l .  Some researchers be lieve  
th a t  the macrophyte serves as a support s tru c tu re  fo r  e p ip h y t ic  bac te r ia  
which provide most o f the wastewater treatment (Stowell e t a l . ,  1981) 
whereas others be lieve  th a t  the macrophyte plays an important ro le  in  
removing n u tr ie n ts  by a c t ive  t ra n sp o r t  processes (Reddy and Sutton, 
1985). I t  is  obvious, however, th a t  the macrophytes p lay an essentia l 
ro le  in  p rov id ing  surface area ( ro o ts ,  shoots, leaves) fo r  b a c te r ia l  
attachment. Both n i t r i f i e r s  and heterotrophs b e n e f i t  from photo-
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Figure 1-1. Schematic d e sc r ip t io n  o f aquatic  treatm ent systems.
s y n th e t ic a l ly  derived oxygen which is  required fo r  n i t r i f i c a t i o n  and 
re s p ira t io n .  I t  has been hypothesized th a t  aquatic treatment systems 
are e s s e n t ia l ly  ho r izon ta l f low  f ix e d - f i lm  reactors whose support 
s tru c tu re  (the macrophyte) plays an important ro le  in  oxygen supply 
(Weber and Tchobanoglous, 1984) and in  n u t r ie n t  and heavy metal uptake 
(Pershe, 1980; Stowell e t a l . ,  1980).
Aquatic treatment systems have been designed to  t r e a t  wastewater 
using primary, secondary, or t e r t i a r y  treatment schemes. Figure 1-2 
shows the ty p ic a l  arrangements o f aquatic treatment systems w i th in  the 
wastewater treatment process. Design c r i t e r i a  have been estab lished 
fo r  water hyacinth-based systems (Middlebrooks, 1980). Table 1-1 
l i s t s  the ty p ic a l  design c r i t e r i a  as well as actual operational values 
reported in  the l i t e r a t u r e  fo r  aquatic treatment systems t re a t in g  
e i th e r  primary or secondary e f f lu e n t .
Aquatic treatment systems are capable o f p rov id ing  secondary and 
advanced secondary treatment o f  domestic wastewater. Table 1-2 l i s t s  
ty p ic a l  e f f lu e n t  values fo r  BOD^, to ta l  suspended so lids  (TSS), to ta l  
n itrogen (TN), and to ta l  phosphorus (TP) from aquatic treatment 
systems. Table 1-3 l i s t s  the required e f f lu e n t  values to  achieve 
secondary, advanced secondary, or advanced ( t e r t i a r y )  treatment.
Cost analyses by Stowell e t a l .  (1981), Bender (1980), Benemann 
(1980) and C r ites  (1980) suggest th a t  aquatic treatment systems can be 
more cost e f fe c t iv e  and less energy in tens ive  than conventional 
systems i f  con s tru c t io n , equipment, and energy costs are minimized. 
Aquatic treatment systems also can b e n e f i t  economically from biomass 
production which can be digested to  methane (Wise e t  a l . ,  1979), 
composted (Reddy and Sutton, 1985), used as a c a t t le  feed supplement
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Figure 1-2. Typical designs fo r  aquatic  treatment systems (ATS).
7Table 1-1. Design and Operational Parameters for  Aquatic Treatment 
Systems Treat ing Primary or Secondary E f f l u e n t . 3




Design Operational Design Operational
Hydraul ic re tent ion  
t ime, (d)
>50 54 >6 b-15
Hydraul ic loading ra te ,  
(m^-ha  ^ *d ^)
200 240 800 300-1900
Maximum depth, (m) <1.5 - <1.0 -
Minimum depth, (m) - - 0.4 -
Organic loading rate  
(kg B0D5 - h a ' 1-d"1)
<30 26-66 <50 13-179
Nitrogen loading rate  
(kg T N - h a ' ^ d - 1 )
<10 2.8 <20 6-253
Phosphorus loading rate  
(kg T P - h a ' ^ d ' 1)
<2 0.87 <8 2-26
Temperature, (C°) >20 >20
aAdapted from Middlebrooks, 1980.
^Designed to t r e a t  primary e f f l u e n t  with the fol lowing charac te r is t ics :  
BODr, 100-300 mg-L- 1 ; TN, 15-50 m g - l / 1 ; TP, 5-15 mg-l."1.
Designed to t r e a t  secondary e f f l u e n t  with the fol lowing c h arac te r is t ic s :  
B0D5 , 5-40 mg-L"1; TN, 5*30 m g - l ' 1; TP, 2-10 mg-L_1.
Table 1-2. Typical E f f lu e n t  Q u a lity  from Aquatic 
Treatment Systems3
Parameter Typical Treatment Systems
Concentrations 
In Primary E f f lu e n t Secondary
Advanced
Secondary
B0D5 100-300 mg-L" 1 <30 mg-L ^ <10 mg*L ^
TSS 100-300 mg*L_1 <30 mg*L ^ <10 mg*L ^
TN 15-50 mg*L ^ <20 mg*L ^ <5 mg*L ^
TP 5-15 mg-L ^ <10 mg-L ^ <5 mg*L ^
aAdapted from Middlebrooks, 1980.
Table 1-3. E f f lu e n t  Guidelines fo r  Various Levels 
o f Wastewater Treatment. 3
Parameter Degree o f Treatment
Secondary Advanced0 Advanced0
Secondary (T e r t ia ry )
B0D5 30 mg*L ^ (o r  65%)b 10 mg*L ^ 5 mg*L ^
cbod5 28 mg-L" 1 (o r  65%) NC NC
TSS 30 mg-L ^ (o r  65%) 10 mg*L ^ 5 mg*L ^
TN NCd 5 mg*L ^ 3 mg*L ^
TP NC 5 mg*L ^ 1 mg*L ^
aAdapted from O 'Brien, 1981.
bDepends on d e f in i t io n  o f aquatic treatment systems by USEPA. I f  defined as 
a lagoon system, then only 65% reduction o f in f lu e n t  cons tituen ts  is  required. 
I f  defined as a treatment equiva lent to  ac tiva ted  sludge, then 85% removal 
is  required.
°Federal gu ide lines are not es tab lished, but s ta te  agencies set gu ide lines 
on a case by case basis. The values l is te d  are t y p ic a l l y  achieved by waste­
water treatment systems designed to  produce th a t  q u a l i ty  in  the e f f lu e n t .
dNC = no estab lished Federal c r i t e r ia .  The q u a l i ty  o f the rece ive r waters 
can a f fe c t  the required e f f lu e n t  concentrations fo r  TN and TP.
1°
(C u lley  and Epps, 1973) or used as a f e r t i l i z e r  (Reddy and Sutton, 
1985). Research ind ica tes  th a t  macrophytes are e xce lle n t carbon and 
n u t r ie n t  supplements fo r  the anaerobic d iges tion  o f wastewater sludge 
(Wise e t a l . ,  1979).
Organic and N u tr ie n t  Removal Mechanisms
The organic and n u t r ie n t  removal mechanisms in  wetland, lagoon, 
or tank aquatic treatment systems are thought to  be s im i la r  (Hyde, 
1984; Stowell e t a l . ,  1981). Table 1-4 ind ica tes  the degree o f 
importance o f various ph ys ica l,  chemical, and b io lo g ic a l  processes to 
the removal o f contaminants from wastewater. The recent work by 
DeBusk e t a l .  (1983), Reddy (1983), Reddy and Tucker (1985), Reddy e t 
a l .  (1982), and Reddy and Tucker (1985) ind ica te  th a t  n itrogen removal 
due to p la n t uptake ranges from 4-94%, removal by sedimentation ranges 
from 1-84%, and removal by n i t r i f i c a t i o n  and d e n i t r i f i c a t io n  and by 
ammonia v o la t i l i z a t io n  ranges from 28-81%. Phosphorus removal by 
p lan t uptake ranges from 3-100%, and removal by sedimentation and 
adsorption ranges from 1-92%. The wide ranges observed fo r  the 
various removal mechanisms is  a func t ion  o f seasonal e f fe c ts  and 
system management. There has been no research conducted on the 
m icrobio logy o f e p ip h y t ic  and sediment bac te r ia  in  aquatic treatment 
systems or on n u t r ie n t  fluxes out o f the sediments re s u lt in g  from 
m icrob ia l m in e ra l iz a t io n  o f d e t r i t a l  sediments. I t  is  observed th a t  
p ro d u c t iv i ty  and photosynthesis are important to  the processes o f 
n u t r ie n t  removal and oxygen e vo lu t io n , ye t no research has been con­
ducted on the photosynthe tic  c h a ra c te r is t ic s  o f macrophytes used in 
aquatic treatment systems.
REMOVAL MECHANISMS IN WETLANDS FOR THE CONTAMINANTS IN WASTEWATER
Contaminant Affected
Mechanism
Ap ■£/<}-'- o' Description
Physical
Sedirn entation P s I I 1 I I 1 Gravitational settling of solids (and constituent contaminants) 
in pond/marsh settings.
F iltra tion S s ' Particulates filte red  mechanically as water passes through 
substrate, root masses, or fish.
Adsorption s In terpartic le  a ttractive  force (van der Waals force).
Chemical
Precipitation p p Formation of or co-precipitation w ith insoluble compounds.
Adsorption p p s Adsorption on substrate and plant surfaces.
Decomposition p p Decomposition or a lteration of less stable compounds by 
phenomena such as UV irradiation, oxidation, and reduction.
Bioloncal
cBacterial Metabolism p p p p Removal of colloidal solids and soluble organics by suspended, 
benthic, and plant-supported bacteria. Bacterial n itr ifica tio n / 
den itrifica tion.
Plant Metabolism0 s 5 Uptake and metabolism of orgcnics by plants. Root excretions 
may be toxic to organisms of enteric origin.
Plant Absorption s s s S' Under proper conditions significant quantities of these 
contaminants w ill be taken up by plants.
Natural D ie-Off P Natural decay of organisms in an unfavorable environment.
JP=primary e ffect, S-sccondary e ffec t, (^incidental e ffec t (e ffec t occurring incidental to removal of another contaminant). 
"The term metabolism includes both biosynthesis and catabolic reactions.
Table 1-4. Contaminant Removal Mechanisms in  Aquatic Treatment Systems.
1 2
Previous Studies
Much o f the research on aquatic treatment systems has centered on 
the use o f the f lo a t in g  sub trop ica l water hyac in th , E ichorn ia  c ra ss ip es ; 
the f lo a t in g  duckweed, Lemna sp. (and Spirodela p o ly rh iz a ) , and the 
rooted emergent reeds, rushes, and c a t ta i l s  ( Pragmites s p . , Scirpus 
sp, Typha sp .) .  The research has usua lly  been conducted in  sub trop ica l 
regions where problems o f freez ing  and w in te r  d ie - o f f  are minimal. 
E xce llen t reviews o f wetland and pond aquatic treatment systems are 
found in a r t i c le s  by Stowell e t  a l .  (1981), O 'Brien (1981), Hyde
(1984), Tchobanoglous and Culp (1980), and Middlebrooks (1980).
The use o f natura l wetlands in  the United States and Europe has 
gene ra l ly  been l im i te d  to  t re a t in g  secondary e f f lu e n t .  These have 
included cypress domes in  F lo r id a ,  peat bogs in  Michigan and Wisconsin, 
marshes in  Wisconsin, New Jersey, Canada, West Germany, and the 
Netherlands; and wetlands in  Massachusetts and F lo r id a  (S e ide l,  1976;
De Jong, 1976; Spangler e t  a l . ,  1976; F r i t z  and H e lle , 1979; Yonika, 
1979; Tchobanoglous and Culp, 1980). A r t i f i c i a l  wetlands have been 
created in  several loca t ions  to  t r e a t  primary and secondary e f f lu e n t  
(Demgen, 1979; Kadlec, 1979). I t  is  thought th a t  the use o f f lo a t in g  
or emergent macrophytes in  wetland a p p l ica t io n  is  p re fe rred  because 
inorgan ic  carbon (from atmospheric CO2 gas) is  re a d i ly  a va ila b le  fo r  
photosynthesis and fo u l in g  by fi lamentous algae is  not a problem.
Both o f these are co n s tra in ts  in  the use o f submerged macrophytes. 
F loa t ing  and emergent macrophytes also help to  keep phytoplankton 
blooms in  check so th a t  e f f lu e n t  suspended so lids  are not a problem.
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Water hyacinth systems have been stud ied in  g reat d e ta i l  (Dinges, 
1979; Swett, 1979; Stewart, 1979; Wolverton, 1979; Cornwell e t  a l . ,  
1977; Weber and Tchobanoglous, 1985 a & b; DeBusk e t a l . ,  1933).
Small scale systems are c u r re n t ly  operational in  C a l i fo rn ia  and 
F lo r id a  (Bastian and Reed, 1979; Conn, 1985; Forman, 1983; K ruz ic , 
1979; Reed and Bastian, 1979). One hyacinth system in C a l i fo rn ia  
fa i le d  because design engineers ca l le d  fo r  tanks which were in  excess 
o f the maximum 1 .5m  depth requirement. Short c i r c u i t i n g  o f  the waste 
f low  below the roo t zone prevented treatment from occurring 
(Richardson and Daigger, 1984).
Only a few researchers have examined the use o f submergent macro­
phytes fo r  wastewater treatm ent (Tridech e t  a l . ,  1981; Bahr e t  a l . , 
1977; McNabb, 1976; Reddy and DeBusk, 1985; Reddy e t a l . ,  1982). With 
the exception o f  Hydri11a sp. and El odea sp. (a lso  Egeria densa) , most 
submergent macrophytes were not to le ra n t  o f the high n u t r ie n t  leve ls  
found in primary and secondary e f f lu e n t .  Recent work by White and 
Bishop (1984) has shown th a t  Elodea n u t t a l1i i  and Myriophyllum 
he te rophy l1 urn are to le ra n t  to ,  and productive  in ,  various strengths o f 
primary e f f lu e n t  when grown in batch cu ltu re .
I f  temperate c lim a te  aquatic  treatment systems are to  be 
successful in  t re a t in g  wastewater, ce r ta in  c r i t e r i a  must be met by the 
macrophyte. These c r i t e r i a  are: ( i )  cold and n u t r ie n t  to le rance ,
( i i )  vegeta tive  growth c h a ra c te r is t ic s ,  ( i i i )  high surface area to 
volume ra t io s  ( to  promote e p ip h y t ic  b io f i lm  development), ( i v )  year 
round p ro d u c t iv i ty ,  and (v )  res is tance to fo u l in g  by fi lamentous 
algae. I f  these c r i t e r i a  are met, then temperate systems may be 
successful in  t r e a t in g  wastewater. The use o f rooted emergent macro-
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phytes appears l im i te d  unless species are found which are capable o f 
overw in te r ing  or to le ra t in g  low w in te r  l i g h t  periods.
The purpose o f the research conducted fo r  th is  d is s e r ta t io n  was 
tw ofo ld : ( i )  to evaluate the a b i l i t y  o f f lo a t in g  and submergent
macrophytes to  t r e a t  primary e f f lu e n t  under temperate c lim ate  condi­
t io n s  in  a p i lo t - s c a le  aquatic treatment system, and ( i i )  to evaluate 
the photosynthe tic  c h a ra c te r is t ic s  o f the superio r candidate macro­
phyte. Submergent and f lo a t in g  macrophytes were selected because they 
f i t  the c r i t e r i a  discussed above. The design o f the p i lo t - s c a le  
system to  t r e a t  primary and secondary e f f lu e n t  was obvious in th a t  
aquatic treatment systems appear capable o f p rov id ing  both organic and 
n u t r ie n t  removal c a p a b i l i t ie s .  The advantages are th a t  both secondary 
and advanced treatment can be performed in one system ra th e r  than in 
two conventional ones.
Primary e f f lu e n t  is  an e xce l le n t  media fo r  macrophyte growth and 
n u t r i t io n .  Typical N:P ra t io s  in  aquatic macrophytes are 4:1. In 
primary e f f lu e n t  the ty p ic a l  N:P ra t io  fo r  those inorgan ic  cons t ituen ts  
which are re a d i ly  a va ila b le  fo r  uptake (NH^+ , NO^  , PO^ ) are 5.3:1 
to  10:1 (McCarty, 1970). While th is  ind ica tes  possib le  phosphorus 
l im i t a t io n ,  the TN:TP r a t io  in  primary e f f lu e n t  is  3:1 to  5:1. As 
long as sediment m ine ra l iz a t io n  o f n itrogen and phosphorus occurs, 
then primary e f f lu e n t  should be an e xce lle n t source o f n u tr ie n ts  fo r  
macrophyte growth.
This d is s e r ta t io n  is  w r i t te n  in  chapter form so th a t  each chapter 
can stand by i t s e l f  in  terms o f an in t ro d u c t io n  to  the problem and 
review o f the l i t e r a t u r e ,  m a te r ia ls  and methods, re s u lts ,  and d is ­
cussion. Each chapter has a summary and many cross references are
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provided between chapters to  help w ith  c o n t in u i ty .  The chapters 
in ve s t ig a te  the designed p i l o t  scale systems and the wastewater t r e a t ­
ment e f f ic ie n c y ,  p ro d u c t iv i ty ,  ecology, m icrob io logy and photosynthetic  
b iochem istry o f  the macrophyte/epiphyte complexes used in these systems. 
Wastewater treatment e f f ic ie n c y  and c o n s t i tu e n t removal rates over a 
course o f a year in  the p i lo t - s c a le  systems are examined in Chapter 
I I .  The data ind ica tes  th a t  use o f submergent macrophytes can provide 
advanced secondary treatment in  temperate c lim ates. In Chapter I I I ,  
n itrogen  and phosphorus budgets in  the aquatic treatment systems are 
examined and various N and P removal mechanisms fo r  temperate systems 
are q u a n t i f ie d .  Macrophyte p ro d u c t iv i ty  in  the aquatic treatment 
systems and the phenomena o f luxury uptake o f N and P are addressed in 
Chapter IV. L igh t and temperature l im i ta t io n s  to p ro d u c t iv i ty  were 
also examined. In Chapter V, the importance o f ammonium- and n i t r i t e -  
o x id iz in g  n i t r i f i e r s  to  n itrogen removal in  the systems was evaluated. 
N i t r i f i e r s  were q u a n t i f ie d  in  the aquatic treatment systems. In 
Chapter V I, the photosynthe tic  c h a ra c te r is t ic s  o f Elodea n u t ta l1i i , a 
waterweed which was very successful in  t re a t in g  wastewater, were 
examined. I t  e xh ib ited  some o f the highest reported photosynthetic  
ra tes fo r  submerged aquatic vascular p lan ts . Carbon f i x in g  enzymes 
and carbonic anhydrase were also assayed in th is  c o ld - to le ra n t  species 
o f Elodea. Much work is  required on the photosynthetic  character­
i s t i c s  o f macrophytes in  aquatic treatment systems because photo­
synthesis a f fe c ts  p ro d u c t iv i ty  and n u t r ie n t  removal. The phenomena o f 
a c t ive  tra n sp o rt  o f bicarbonate by E. n u t t a l l i i  was also addressed. A 
method was developed th a t  allowed fo r  the use o f short term (5-80 s) 
t ra n sp o r t  and f ix a t io n  assays. E. n u t t a l l i i , l i k e  other aquatic
macrophytes, is  a p h o to s y n th e t ic a l ly  v e rs a t i le  macrophyte. F in a l ly ,  
in  Chapter V I I ,  the data from the previous chapters is  summarized and 
recommendations are provided fo r  fu r th e r  research, and te n ta t iv e  
changes in  the design c r i t e r i a  fo r  submerged macrophyte systems are 
o ffe red .
CHAPTER I I
WASTEWATER TREATMENT EFFICIENCIES AND CONSTITUENT REMOVAL RATES 
IN AQUATIC MACROPHYTE-BASED AQUATIC TREATMENT SYSTEMS 
TREATING PRIMARY EFFLUENT
Summary
P i lo t -s c a le  aquatic  macrophyte-based aquatic treatment systems 
were designed to  t r e a t  primary e f f lu e n t  under temperate c l im a te  condi­
t io n s . Four aquatic macrophytes ( Elodea n u t ta l1i i , Lemna m ino r, 
Myriophyllum heterophyllum , and Ceratophyllum demersum) were evaluated 
as candidates. The h yd rau l ic ,  o rgan ic , and n u t r ie n t  loading ra tes in  
th is  study were s im i la r  to  design parameters fo r  water hyacinth 
( E ichorn ia  crass ipes) based systems. N i t r i f i c a t i o n  occurred in  the
reactors on a year-bound basis. E. n u t t a l l i i  was productive  year-
"2 “ 1round (0 .5 -4 .5  g dry wt-m *d ) and was re s is ta n t  to  fo u l in g  by 
filamentous green algae ( Spiroqyra sp .) .  The o ther submergent macro­
phytes su ffe red  from excessive fo u l in g .  Percent removals and e f f lu e n t  
concentra tions o f BOD^, NH^+-N, to ta l  n itrogen (TN), P 0 ^  -P, and 
to ta l  phosphorus (TP) in d ica te  th a t  E. n u t t a l l i i , and poss ib ly  L. m inor, 
are capable o f p rov id ing  secondary e f f lu e n t  year round. The data 
suggest th a t  manipulation o f the hyd rau lic  detention time ( 6 ) to  3-6 d 
in  the summer and 4-8 d in  the w in te r  could produce e f f lu e n t  compar­
able to  advanced secondary treatment systems. Wastewater co n s t i tu e n t  
removal rates in the E. n u t t a l l i i  reactors  were comparable w ith  those 
o f hyacinth-based systems. Typical removal rates were: A lk a l in i t y
17
18
(as CaC03) ,  6-30-kg h a ' ^ d " 1; BOD5 , 1-50 kg-ha"1 -d "1; NH4 +-N, 0.1-6 
k g - h a '^ d '1 ; TN, 0 .5-5 k g -h a ^ -d " 1 ; P04 3 "-P , 0.05-0.50 kg-ha"1^ ' 1; 
and TP, 0 .05-1.0  kg-ha ^*d \  Removal rates usua lly  co rre la te d  w ith  
loading ra te s , p ro d u c t iv i ty ,  and biomass present in  the reactors .
These data suggest th a t  E. n u t t a l1i i -based systems are su ita b le  fo r  
p rov id ing  secondary and advanced secondary treatment o f primary 
e f f lu e n t  under temperate c l im ate  cond it ions.
In tro d u c t io n
Aquatic treatment systems can be defined as wastewater treatment 
systems which use rooted emergent, f lo a t in g ,  or submergent aquatic 
vascular p lan ts  and t h e i r  m icrob ia l and a lga l epiphytes as the 
p r in c ip a l  treatment mechanisms in  a less managed pond or wetlands 
a p p l ic a t io n  or in  a tank a p p l ic a t io n .  Reported e f f lu e n t  BOD^, to ta l  
suspended so lid s  (TSS), to ta l  n itrogen (TN), and to ta l  phosphorus (TP) 
concentrations o f less than 30, 30, 10, and 10 mg-L re sp e c t ive ly ,  
in d ica te  th a t  hyacinth-based aquatic treatment systems are capable o f 
meeting secondary e f f lu e n t  standards and poss ib ly  advanced secondary 
or t e r t i a r y  e f f lu e n t  c r i t e r i a  (see Middlebrooks, 1980; S tow e ll,  1981; 
O 'B rien, 1981).
The importance o f various organic and n u t r ie n t  removal mechanisms 
to  the wastewater treatment process has been hypothesized (S tow e ll,  
1981). Some controversy e x is ts  about the importance o f the macrophyte 
to  n u t r ie n t  removal. Stowell e t  a l . (1981) suggest th a t  the macro­
phyte plays a small ro le  in  n u t r ie n t  removal, wh ile  Reddy and Sutton
(1985) suggest the opposite. Recent work by DeBusk e t a l .  (1983), 
Reddy (1983), Reddy and Tucker (1985), Reddy e t a l.  (1982), and Reddy 
and DeBusk (1985) in d ic a te s ,  however, th a t  p lan t n u t r ie n t  uptake and
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harvest, n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n ,  and p re c ip i ta t io n  and 
adsorption are important n u t r ie n t  removal mechanisms when 
p ro d u c t iv i t ie s  are h igh, w h ile  d e t r i t a l  sedimentation, n i t r i f i c a t i o n  
and d e n i t r i f i c a t i o n ,  and p re c ip i ta t io n  and adsorption are important 
removal mechanisms when p ro d u c t iv i t ie s  are low. I t  has been 
hypothesized th a t  the extensive surface area provided by macrophytes 
and th e i r  roots plays an important ro le  in  p rov id ing  surface area fo r  
he te ro troph ic  bac te r ia  to  es ta b lish  and remove BOD (Stowell e t a l . , 
1981).
Design c r i t e r i a  fo r  aquatic treatment systems have been proposed 
fo r  treatment o f both primary and secondary e f f lu e n t  (M iddlebrooks, 
1980). The c r i t e r i a  apply to  water hyacinth-based systems. Much o f 
the research on aquatic  treatment systems has invo lved water hyac in th , 
duckweed, or rooted emergent systems (Middlebrooks, 1980). The 
research has genera lly  been re s t r ic te d  to  sub trop ica l reg ions, though 
some studies have been conducted fo r  temperate c lim a te  a p p l ica t io n s  
(Middlebrooks, 1980). Fu ll scale water hyacinth (O 'B r ien , 1981) and 
emergent (Hyde e t a l . ,  1984 a ,b) systems have been or are c u r re n t ly  in 
use in  the U.S. One water hyacinth system su ffe red  from design 
problems in C a l i fo rn ia  (Richardson and Daigger, 1985).
Further research has been advocated fo r  the a p p l ic a t io n  o f 
aquatic treatment systems in temperate c limates (Middlebrooks, 1980). 
The treatment o f primary e f f lu e n t  in  temperate systems has not been 
advocated, but the advantages o f p rov id ing  organic (secondary) and 
n u t r ie n t  (advanced secondary or t e r t i a r y )  treatment processes in  the 
same system are obvious. Typical n itrogen to  phosphorus ra t io s  in  
aquatic macrophytes are 4:1. In primary e f f lu e n t  the ty p ic a l  N:P
2 0
ra t io s  fo r  those inorgan ic  con s t itue n ts  which are a va ila b le  fo r  p lan t 
uptake are 5.1:1 to  10:1 (McCarty, 1970). While th is  ind ica tes  th a t  
aquatic  macrophytes may be phosphorus l im i te d  i f  grown on primary 
e f f lu e n t ,  the r a t io  o f TN:TP in  primary e f f lu e n t  is  3.1:1 to 5:1 
(McCarty, 1970) suggests th a t  primary e f f lu e n t  should be an e xce lle n t 
medium fo r  p la n t growth provided th a t  m icrob ia l m in e ra l iza t io n  o f the 
organic f ra c t io n s  occurs. The advantages o f using f lo a t in g  or emergent 
macrophytes over submerged macrophytes are th a t  ( i )  inorgan ic  carbon 
l im i ta t io n s  due to  mass t ra n s fe r  e f fe c ts  are absent (Raven, 1981), and 
( i i )  fi lamentous a lga l fo u l in g  does not occur and shading prevents the 
establishment o f phytoplankton blooms. F loa ting  and emergent macro­
phytes are, however, susceptable to  w in te r  die o f f  whereas submergents 
can surv ive  year round (N ichols and Shaw, 1986).
The purpose o f th is  study was to  assess the s u i t a b i l i t y  o f a 
v a r ie ty  o f submergent and f lo a t in g  macrophytes in  t re a t in g  primary 
e f f lu e n t  under a temperate c lim a te  a p p l ica t io n . Under organic and 
n u t r ie n t  loading cond it ions  s im i la r  to hyacinth-based systems, El odea 
n u t ta l1 i i  provided secondary and usua lly  advanced secondary treatment 
c a p a b i l i t ie s  w h ile  remaining productive  and free  o f  nuisance f i l a ­
mentous green algae.
M ate r ia ls  and Methods
Aquatic Macrophytes
Four macrophytes were evaluated fo r  t h e i r  p o te n t ia l  use in 
temperate c lim a te  aquatic treatment systems. They were selected fo r
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t h e i r  vegeta tive  growth c h a ra c te r is t ic s ,  to le rance  to  eu troph ic  condi­
t io n s ,  and to le rance to  co ld  temperatures (Scu lthrope, 1968; K u n ii,  
1981; N ichols and Shaw, 1986). Some o f the macrophytes have been used 
success fu lly  in  o ther aquatic  treatment systems (Bahr e t  a l . ,  1977; 
Tridech e t a l . ,  1981), and in  a p re l im in a ry  study to examine the 
e f fe c ts  o f l i g h t ,  temperature and wastewater s trength  on p ro d u c t iv i ty  
(White and Bishop, 1984). El odea n u t t a l1i i (P lanch.) St. John, 
"waterweed"; Ceratophyl 1 urn demersum L. , " c o o n ta i l " ;  and Lemna mi nor 
L . , "duckweed" were co l le c te d  from the Old Durham Reservoir, Durham,
NH. Myriophyllum he te rophy l1 urn M ichx ., "water m i l f o i l "  was co lle c te d  
from Lake Winnipesaukee, Wolfeboro, NH. Schematic drawings o f the 
macrophytes are shown in  Figure 11-1.
P i lo t-S ca le  Aquatic Treatment Systems
The treatment s tud ies were conducted in  an 8 m by 12 m greenhouse
constructed a t the Durham, New Hampshire Wastewater Treatment F a c i l i t y .
A furnace was used to  maintain minimum w in te r  a i r  temperatures a t 8 °C.
Fans and louvers were used to  maintain summer a i r  temperatures below
35°C. The layou t o f the greenhouse is  shown in Figure 11-2.
Twelve p o ly v in y l -c h lo r id e  reactors  were constructed from 250 L
2
p la s t ic  b a rre ls .  These 120 L reactors  each had 1.0 m o f surface 
area. P la s t ic  screens were suspended h o r iz o n ta l ly  in  the tanks, 
approximately 0.3 m below the w a te r 's  surface, to  suspend the macro­
phytes in  the water column. Complete mixing was provided by an a i r ­
l in e  manifo ld attached to  the p la s t ic  mesh. A i r  d if fu se d  in to  the
3 -1reactors a t 0.15-0.30 m -h . M ixing was employed to  promote n u t r ie n t  
uptake by the macrophytes (Parker, 1983 and 1984; Wheeler, 1981) and
2 2
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Figure I I - l .  Schematic drawings o f the fou r macrophytes used in  the p i l o t -  
scale aquatic  treatment system.
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Figure I I - 2 .  Schematic la y -o u t  o f  greenhouse.
24
to  s im p l i fy  sampling procedures. Sediments were allowed to  accumulate
in  the reactors u n t i l  the sediment depths were approxim tely 5 cm deep.
Elodea n u t ta l1i i  was always observed to  synthesize roots which passed
through the mesh and in to  the unconsolidated sediments. Various
strengths o f primary e f f lu e n t  ( 10- 100%) could be produced in each head
tank by mixing primary e f f lu e n t  and tap water. Primary e f f lu e n t  was
obtained from the overflow  w e ir in  the primary c l a r i f i e r  in  the summer.
Wastewater was also obtained from the g r i t  chamber during the w in te r ;
the wastewater was s e t t le d  in  a hold ing tank p r io r  to  i t s  d e l iv e ry  to
the head tanks. Theoretica l detention times in the reactors  were
varied  from 2.31 to  4.62 d. The macrophyte stocking dens ity  was
- 2maintained, when poss ib le , a t  1.5 kg wet wt*m This value was 
selected based on the work o f  LaPointe and Ryther (1977) who observed 
th a t  maximum p ro d u c t iv i ty  was achieved w ith  th a t  dens ity  in  the c u l ­
tu re  o f  G ra c i la r i  a t ik v a h ia e . Harvesting o f excess biomass was con­
ducted every 2-4 weeks. Wet weights were determined by removing the 
e n t i re  biomass content o f a reac to r ,  d ra in ing  the biomass fo r  3 min 
over a p la s t ic  screen, and weighing the contents.
Control reactors w ithou t any macrophytes were used during the 
course o f th is  study. They were e i th e r  ( i )  exposed to  l i g h t  so th a t  
phytoplankton blooms developed, ( i i )  exposed to l i g h t  and conta in ing  
p la s t ic  aquaria p lan ts  so th a t  blooms developed and photo troph ic  
b io f i lm s  grew on the p la s t ic  p la n ts ,  or ( i i i )  con ta in ing  p la s t ic  
p lan ts  and covered so th a t  blooms could not develop and only hetero- 
t ro p h ic  b io f i lm s  grew on the p la s t ic  p lan ts .
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Mixing Study
The pulse inpu t method o u t l in e d  by H i l l  (1977) was used to  de te r­
mine the d ispe rs ion  parameter, D^/uL, fo r  the reactors  as a func t ion  
o f a i r  mixing and macrophyte dens ity . The dimensionless d ispers ion
parameter is  the r a t io  o f the e f fe c t iv e  d ispers ion  c o e f f ic ie n t  (D^,
2
molecular and eddy d i f f u s i v i t y ;  L /T ) to  the product o f the f l u id  
v e lo c i ty  in  the reac to r (u; L/T) and the c h a ra c te r is t ic  length o f the 
reac to r (L ) .  A value o f 0 fo r  the d ispers ion  parameter ind ica tes  no 
d ispers ion  (p lug f low ) r e la t iv e  to  f l u id  f low  through the re a c to r ;  a 
value o f °° ind ica tes  high d ispers ion  (complete m ix ing). Chloride ion 
(as NaCl) was used as a b io lo g ic a l ly  and chem ically  in e r t  tra ce r .
Four reactors  were used in the study. Reactor I contained 1 Kg wet
2 3 - 1wt*m o f Myriophyllum he te rophy l1 urn and received 0.3 m *h o f a i r .
- 2
Reactor I I  contained 4 kg wet wt*m o f M. heterophyl!urn and received 
3 -10.3 m *h o f  a i r .  Reactor I I I  contained only phytoplankton and 
3 -1received 0.3 m -h o f  a i r .  Reactor IV contained only photoplankton
5and was not a i r  mixed. 1 L o f 1.0 x 10 ppm Cl so lu t io n  was pumped 
in to  each reac to r a t a flow ra te  o f  22 ml-min  ^ (0  o f 4.62 d). The 
e f f lu e n t  from each reac to r was co lle c te d  hourly  to  d a i ly .  Cl in  the 
e f f lu e n t  was measured in the samples w ith  an ion s p e c if ic  e lectrode 
and reference e lec trode  (Orion Corp., Cambridge, MA) according to 
standard methods (APHA, 1984). E f f lu e n t  Cl concentrations were 
p lo t te d  as a fu nc t io n  o f time and residence time d is t r ib u t io n  func­
t io n s  were constructed. Residence time d is t r ib u t io n  func tions  are 
p lo ts  o f F ( t )  versus t / t  where F ( t )  is  the volume f ra c t io n  o f the 
f l u id  a t the o u t le t  th a t  has remained in  the system fo r  a time less
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than t ,  and t / t  (dimensionless time) is  the r a t io  o f  time ( t )  to  the 
average residence time ( t ) .  The d ispers ion  parameter fo r  each condi­
t io n  was determined by the slope method (slope o f F ( t )  curve a t t  = t
0 5is  equal to  0.5 (uL/D^n) ‘ ) and by the variance method (D^/uL = 0 . 5  
(a t 2 / t 2) )  according to  H i l l  (1977). A value o f D/uL g rea ter than 0.2 
ind ica tes  large degrees o f d ispers ion  (complete m ixing) ( H i l l ,  1978).
Experimental Runs
Seven experimental runs were conducted over the course o f a year 
to  examine the treatment e f f ic ie n c y  and removal rates o f various 
wastewater cons t ituen ts  as a fu nc t io n  o f season, loading ra te ,  and 
h yd rau lic  re te n t io n  time. Table 11-1 describes the various opera­
t io n a l  parameters used during the seven runs and how they compared to  
design values fo r  water hyacinth-based aquatic treatment systems used 
to  t r e a t  primary or secondary e f f lu e n t  (Middlebrooks, 1980). Each 
experimental run lasted 7 d. Sampling was conducted on days 1, 3, 5, 
and 7. Wet weights usua lly  were determined 7 d before and 7 d a f te r  
the runs. The reactors were kept in  continuous operation through the 
course o f th is  research (September 1983 to January 1986). When 
h yd rau lic  loading parameters were changed, the reactors  were allowed 
to  e q u i l ib ra te  fo r  a minimum o f 5 detention times so th a t  pseudo­
steady s ta te  cond it ions  were achieved p r io r  to  an experimental run.
Sampling and Analysis
Sampling o f the reactors  and head tanks was conducted between 
0800 and 1800 h. Temperature was measured w ith  an ASTM thermometer. 
Dissolved oxygen (DO) was measured w ith  a YSI 57 DO meter and oxygen
Table I I - l .  Operational Parameters for the Experimental Runs.

















Hydraulic retention  
time (d )
>50 >6 4.62 4.61 2 .31 -4 .62 3.47 3.47 3.47 3.78
Hydraulic loading rate  
(m3-h a '1- d '1)
200 800 259 259 259-518 346 346 346 317
Maximum depth (m) <1.5 <1.0 0.45 0.45 0.45 0.45 0.45 0.45 0.45
Minimum depth (m) - >0.4 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Primary e fflu e n t  
strength
100% - 10-50% 75-100% 100% 100% 100% 100% 100%
Organic loading rate <30 <50 2.48-10.82 32 .2-36 .6 30 .7-63 .7 40 .5 -45 .9 31 .8 -35 .6 39 .0 -40 .8 45 .1 -4 5 .2
(kg B0D5-ha"1 -d '1)
Nitrogen loading rate <10 <20 0.54-2 .19 3.27-3.91 3.80-8 .27 4 .5 -5 .5 6 .1 -6 .3 6 .5 -6 .9 8 .7 -9 .2
(kg T P -h a^ -d "1)
Phosphorus loading rate <2 <8 0.09-0 .55 0 .7 4 -0 .97 0 .73 -1 .38 1.17-1.37 1 .27 -1 .48 1.06-1 .64 2 .1 6 -2 .18
(kg T P -h a ^ -d '1)
Temperature (°C ) >20 >20 12-17 10-16 10-21.5 20-26.5 18-26 22-26 14-21




wm wm wm wm ■ wm wm wm
Average Mixing
(m V 1)
0.2 0 .2 0 .2 0.2 0 .2 0.2
aSee Middlebrooks, 1980.
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electrode. One L grab samples were taken from each reac to r or head 
tank by siphon. The tanks were completely (see re s u lts  sec tion ) mixed 
so th a t  the reac to r contents were id e n t ic a l  to the e f f lu e n t  contents. 
The samples were immediately returned to  the lab fo r  ana lys is . 
A l k a l i n i t y  was determined by t i t r a t i o n  to a pH end p o in t  o f 4.3 and 
the pH o f the samples was determined w ith  a pH e lec trode  according to 
standard methods (APHA, 1983). Ammonia was determined by ion s p e c if ic  
e lectrode (Orion Corp. , Cambridge, MA) according to  standard methods 
(APHA, 1984). BOD^  was determined according to  standard methods 
(APHA, 1984); no c o r re c t io n  fo r  n i t r i f i e r  oxygen demand was used. 
Glucose-glutamic acid checks were occas iona lly  used. The remainder o f 
the sample was s p l i t  and preserved w ith  1% H2 SO4 ( p r io r  to  freez ing ) 
fo r  n itrogen an a lys is , or frozen fo r  phosphorus ana lys is . N itra te -N  
plus n i t r i t e - N  was determined on f i l t e r e d  samples (0.45 pm) using a 
copper-p la ted cadmium reduction  column and the s u l f a n i1 imide co lo r  
reac tion  designed fo r  the Alpkem Autoanalyzer by Technicon (APHA,
1984; Alpkem manual). Orthophosphate-P was measured using the 
ascorbic acid reduc t ion , phosphomolybdenum blue co lo r  reaction  
designed fo r  the Alpkem Autoanalyzer by Technicon (APHA, 1985; Alpkem 
manual). Total n itrogen  (TN) was determined using a modified a lk a l in e  
potassium p e rsu lfa te  d iges t ion  technique. The methods o f D 'E l ia  e t 
a l.  (1977), G l ib e r t  e t a l .  (1977), Langner and Hendrix (1982), Nydahl 
(1978), Smart e t  a l.  (1981), Solarzano and Sharp (1980), and Valderrama 
(1981) were modif ied. A l iquo ts  o f preserved sample were added to  the 
buffered ox idant (pH 9 .0) so th a t  the mole r a t io  o f «2 S20g/N was 
grea ter than 300. The d iges tan t was then sealed in  an acid washed 7 
ml screw-capped Teflon v ia l  and digested fo r  1 h a t 131°C and 20 psig.
29
During the d ig e s t io n , inorgan ic  and organic n itrogen  are ox id ized to  
n i t r a te  which can then be reduced in  the copper-p la ted cadmium column 
and measured as n i t r i t e  w ith  the autoanalyzer. D is t i l l e d  water blank 
were also digested to  q u a n t ify  the n itrogen present in  the reagents.
In p re l im in a ry  in v e s t ig a t io n s ,  th is  technique provided g rea ter than 
95% recovery on ammonium, amino, amide, N=N, N-0, and C-N con ta in ing  
so lub le  and p a r t ic u la te  samples. Total phosphorus (TP) was determined 
using a modified acid potassium p e rsu lfa te  d ig es t ion  technique. The 
APHA method (APHA, 1984) was modified. A l iquo ts  o f  thawed sample were 
added to  the bu ffe red  ox idant (pH 4 .5) so th a t  the mole r a t io  of 
l<2 S20g/P was g rea ter than 300. The d iges tan t was then sealed in  acid 
washed Teflon v ia l  and d igested a t 131°C and 20 psig. During the 
d ig e s t io n , inorgan ic  and organic phosphorus are ox id ized  and hydrolyzed 
to  orthophosphate which can be measured using the ascorbic acid reduc­
t io n  method. D is t i l l e d  water blanks were also d igested to  q u a n t ify  
the phosphorus present in  the reagents. The technique provided g reater 
than 90% recovery o f  p a r t ic u la te  and 95% recovery o f  so lub le  phos­
phorus in  p re l im in a ry  in ve s t ig a t io n s .
P ro d u c t iv i ty  was determined by measuring the change in  wet weight 
over time and then convert ing  the wet weight to  dry weight by dry 
weight ana lys is . Dry weight ana lys is  was conducted p e r io d ic a l ly  over 
the course o f the year by using a standard curve o f percent dry weights 
versus time ( in  months). Percent dry weights were determined by 
randomly c o l le c t in g  macrophyte samples, wet weighing them, d ry ing  them 
in  a tared dish fo r  72 h a t 70°C, and then reweighing. Percent dry 




Elodea n u t ta l1i i  was c le a r ly  the best candidate fo r  use in  a 
temperate c lim ate  aquatic  treatment system. The macrophyte was pro­
ductive  on a year round basis (see Chapter IV) and remained r e la t iv e ly  
free  from fo u l in g  by filamentous green algae. Myrioph.yl 1 urn hetero- 
p h y l1 urn and Ceratophyl1 urn demersum were fou led  almost immediately by 
f i lamentous algae which caused scenescence in  the macrophytes. The 
observed p ro d u c t iv i t ie s  o f these two macrophytes was la rg e ly  due to 
the choking growth and p r o l i f e r a t io n  o f the f i lam en ts . Lemna mi nor 
e xh ib ite d  year round p r o d u c t iv i t ie s ;  however, the macrophyte formed a 
dense f lo a t in g  mat. The cond it ions  in the water column under the mat 
were m icroaerophi1 ic  (desp ite  the a e ra t io n ) ,  and a high degree o f 
so lid s  production was caused by decay o f the fronds in the lower pa rt 
o f the mat. The l i g h t  con tro l reactors  q u ic k ly  developed phytoplank­
ton populations. Phototrophic b io f i lm s  developed on the p la s t ic  
aquaria p lan ts . In the dark con tro l reac to rs , he te ro troph ic  b io f i lm s  
sometimes developed on the p la s t ic  aquaria p lan ts  and m ic rob ia l f loe s  
usua lly  formed.
Mixing Studies
The t ra c e r  response curves showing the e f f lu e n t  Cl concentra­
t io n s  as a func tion  o f time are shown in  Figure I I - 3. A l l  fo u r  
responses are in d ic a t iv e  o f complete-mixing. The residence time 
d is t r ib u t io n  functions fo r  each o f the reactors  is  shown in Figure 
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Figure I I - 3. Tracer response curves showing e f f lu e n t  Cl concentration 
as a func tion  o f time.
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Figure I 1-4. Residence time d is t r ib u t io n  functions fo r  each o f 
the four te s t  reactors.
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d is t r ib u t io n  func tions  can be compared to an ide a lized  set o f  r e s i ­
dence time d is t r ib u t io n  curves shown in  Figure 11-5. The ca lcu la ted  
d ispers ion  parameters were a l l  g rea ter than the c r i t e r i a  o f  0 . 2  f o r  
complete mixing.
Wastewater Treatment E f f ic ie n c ie s
Tables I 1-2 through I 1-8 show the i n i t i a l  biomass, p ro d u c t iv i t y ,  
and in f lu e n t  and e f f lu e n t  concentrations o f a l k a l i n i t y ,  BOD^, NH^+-N, 
NO2 - and NO^  _N, TN, P 0 ^  -P, and TP fo r  each o f the reactors  during 
the seven experimental runs. Percent removals fo r  the co n s t i tu e n ts  in  
the reac to r during each run are also provided.
One way ana lys is  o f  variance (ANOVA) tes ts  were conducted on the 
e f f lu e n t  concentrations o f each c o n s t i tu e n t during runs 6 and 7. The 
ANOVAs were ca lcu la ted  to  show i f  s ig n i f i c a n t  d if fe re nces  in  e f f lu e n t  
concentra tion  o f a c e r ta in  c o n s t i tu e n t were present between macrophyte 
and con tro l reacto rs . Reactors producing s im i la r  e f f lu e n t  q u a l i t y  fo r  
a p a r t ic u la r  wastewater co n s t i tu e n t are noted fo r  runs 6 and 7. The 
ANOVAs were conducted only on runs 6 and 7 because o f ( i )  the s im i la r  
i n i t i a l  biomass concentrations and ( i i )  the d if fe re nces  in  season 
(p ro d u c t iv i ty  and temperature) between the runs. Table 11-9 shows i f  
s ig n i f i c a n t  d if fe rences  ex is ted  between co n s t i tu e n t e f f lu e n t  con­
cen tra t ions  as well as the le a s t s ig n i f i c i a n t  d if fe re n ce  (LSD) 
operation fo r  each ANOVA. The macrophyte reactors provided 
( s t a t i s t i c a l l y  s ig n i f i c a n t )  b e t te r  e f f lu e n t  q u a l i ty  than the con tro l 











Dimensionless tim e, r / r *
Figure I 1-5. Idea lized  residence time d is t r ib u t io n  func tions  fo r  
completely-mixed (D/uL = ®) to  p lu g - f lo w  (D/uL = 0) 
cond it ions . From H i l l  (1977).
Table 11*2. Data f ro *  Run 1 (11 /29 /8 3 -1 2 /5 /83 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor Macro.8 Biomass 
(S tanding Crop) 
-2
kg wet wt*m
P ro d u c tiv ity  
g d ry  wt*m ^























po? ' - p 






I  E 
PR
i c En 0.585 ♦0.030 33.5+4.4 17.Q i4 .1 9.612.4 4 .713.2 0 .810.4  <0.1 <0.1 0.210.3 2 . 111.3 0 .510.3 0 .2 t0 .1  F0.1 0.310.2  0 .U 0 .1
49.2% 50.9% 91.6% A 74.0% 83.8% 67.4%
2C Hh 0.630 +0.138 33.5+4.4 14.0+1.6 9.612.4 4.0+2.6 0 .810.4  <0.1 <0.1 1.1+0.7 2 .111.3 1 .7 i1 .3 0.210.1 0 .310.0 0 .310 .2  0.410.1
58.2% 58.4% 92.4% S 17.8% S S
3C Cd 0.400 -1.240 3 3 .5±4.4 16.5±0.7 9.612.4 6.014.6 0.810.4 <0.1 <0.1 0.510.0 2.111.3 1 .9 H .8 0.210.1 O.UO.O 0.310.2  0 .210.0
50.7% 37.5% 95.1% 5 6.1% 40.2% 37.1%
5d En 1.010 +2.620 42.814.9 18.011.6 31.112.5 3 . 3 t l . 9 2 .3+0.6  <0.1 <0.1 1.910.8 8.313.3 3.610.6 0 .910.4 0.410.1 1.410.7 0.610.1
57.9% 89.2% 95.6% S 56.7% 51.1% 60.4%
6d Mh 0.160 +0.386 42.814.9 16.712.9 31.112.5 4 .5 H .9 2.3+0.6  0.210.1 <0.1 1.810.7 8.313.3 3.810.7 0 .910.4 0 .710.0 1.710.7 0.810.1
60.9% 85.6% 92.5% S 54.2% 25.9% 45.4%
7d Cd 0.600 -0.600 42.814.9 17.511.0 31.112.5 4 .6 H .1 2.3+0.6  <0.1 <0.1 1.5+1.0 8.313.3  2.411.0 0 .9±0.4  0.410.1 1.410.7 0 .510.0
59.1% 85.3% 96.3% S 72.5% 59.1% 67.5%
9* En 0.510 +0.155 39.512.5 1 8 .5 i l.9 41.213.7 4 .911.2 3.6+0.3 0.310.0 <0.1 3.512.0 6.915.6 5.812.5 1.310.5 0.810.1 2 .111.2 0.910.1
53.1% 88.1% 92-9% S 15.7% 38.2% 56.3%
10* Mh 0.1B5 +0.526 39.512.5 16.016.7 41.213.7 8 .311.2 3.6+0.3 0 .2 i0 .0 <0.1 1.510.6 6.9+5.6 3 .5 H .6 1.310.5 l.O iO .1 2.111.2  l . U O . l
59.4% 80.0% 93.0% S 49.9% 19.4% 46.2%
11* Cd 0.300 -0.670 39.512.5 23.5+1.0 41.213.7 7 .2 H .3 3.6+0.3 0.210.0 <0.1 1.510.9 6.915.6 2 .O i l . 5 1 .3 t0 .5  0.510.2 2 .U 1 .2  0.7+0.2
40.5% 82.7% 93.5% S 70.4% 58.3% 66.7%
aEn = Elodea n u t t a l l i i , Mh = H yriophyllum  heterophyllum , Cd *  Ceratophyllum  demersum.
bI  = in f lu e n t ,  E = e f f lu e n t ,  PR = percent removal. The in f lu e n t  and e f f lu e n t  (and t h e i r  s td  d ev .) have been rounded o f f  to  the nea rest C .l ® g-l  ^
le v e l.  The percent removals r e f le c t  the o r ig in a l values.
c 10% prim ary e f f lu e n t ,  8 = 4.62 d.
^30% prim ary e f f lu e n t ,  8 = 4.62 d.
e50% prim ary e f f lu e n t ,  8 = 4.62 d.
f S -  re a c to r was a source fo r  th a t  c o n s t itu e n t.
Table I I - 3 .  Data f r o *  Run 2 (3 /9 /8 4 -3 /1 5 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor M acro.a Biomass 
(S tanding Crop) 
kg wet wt-m ^
P ro d u c tiv ity  
g d ry  wt-m **d  ^
A lk a l in i t y  
»g CaCO.-L' 1 











N0 l-+ N 0 l-N  













• g -L " '
I  E 
PR
i c En 1.082 ♦0.799 113.2*8.6 2 2 .8 ll.O 141.2133.5 32.2111.2 13.713.1 0 .410.3 0 .8 H .3 7.9±2.2 15.1*2.4 5 .410.6 2 .410.4  I . 61O .1 3.710.9 2.910.4
75.8X 77. IX 9 7 .2X S 35. SX 35 .2X 2 1 .9X
2C En 1.468 ♦0 .2 0 0 113.218.6 1 8 .5 i3 .8 141.2133.5 18.413.1 13.713.1 0 .910.8 0.811.3 9 .6 il .O 15-112.5 10.7±0.2 2 . 4±0.4 1 . 6* 0 .3 3.710.9 3 .U 0 .4
8 3 .6* 86 . 9X 93. fiX S 2 9 .2% 33. IX 17.4X
3C LC - 113.218.5 114.0113.3 141.2133.5 28.016.0 13 .7 i3 .1  12.713.4 0 .8 *1 .3 1.011.3 15 .1*2.4  17.714.3 2 .4±0 .4  I . 61O.4 3.710.9 3.410.4
Se 80. IX 7.2% s S 34. OX 9. IX
4d En 1.460 ♦0.370 93.5112.5 15x3.5 124.2139.5 21.911.8 10.512.1 0 .410.2 O .liO .O 8.210.4 12.612.8 9 .2 t0 .4 2 .3 *0 .5  1.510.1 2.910.7 2 .110.2
8 3 .9X 82 .3X 9 5 .9X s 26.9* 34 .6X 28. OX
5d En 1.095 ♦0.332 93.5112.5 2010.0 124.2139.5 22.516.0 10.512.1 0.210.1 o .m o .o 6.810.4 12.612.8 8 . 4 t l . 4 2 .3±0.5 1.410.3 2.910.7 2.310.1
78.6% 81.8X 97.9% s 33.5% 4 0 .3X 2 0 .3X
6d LC - 93.5112.5 8 4 .5 i5 .3 124.213.95 28.717.1 10.512.1 6 .7 *1 .6 0 . liO .O 0.410.0 12.612.8 8 .8±0.7 2 .310 .5  1.010.3 2.910.7 2.210.2
9.6X 76.CS 36.5% s 30 .OX 52. IX 22 .4X
aEn = Elodea n u t t a l l i i . LC *  l i g h t  co n tro l (p h y to .)
bI  = in f lu e n t ,  E = e f f lu e n t ,  PR = percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . dev .) have been rounded o f f  to  the nearest 0.1 mg-L- *. 
The percent removals r e f le c t  the o r ig in a l values.
c 10CX p rim ary  e f f lu e n t ,  8 = 4.62 d.
^75* p rim ary  e f f lu e n t ,  8 = 4.62 d.
eS = re a c to r  was a source fo r  th a t  c o n s titu e n t.
Table 11*4. Data froa Run 3 (4 /1 7 /8 4 -4 /2 3 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor Hacro.8 Biomass 
(S tand ing Crop) 
-2
kg wet wt*m
P ro d u c tiv ity
-2  -1 g d ry wt*m *d
A lk a l in i t y

















•g *L _1 











i c En 1.564 -2.550 90.517.4 S 4 .5 i l0 .0 123.0110.2 25.511.9 1 0 .1 H .3  5.012.9 O.OlO.O 3.411.0 16.012.8 1 0 .9 D .8 1.310.1 1.310.3 2.710.2 2.810.3
39.7% 79.2% 50.4X s 32.03! 0% S
2C En 1.459 ♦0.002 90.517.4 61.5*10.0 123.0110.2 25.312.5 10 .111.3 6.412.8 O.OlO.O 1.010.4 16.012.8 11.912.1 1.310.1 1.310.0 2.710.2 2.510.2
32. OX 79.4% 36.8X s 25 .2X 3.7% 6. 3%
3C LC - - 90.517.4 67.518.1 123.0*10.2 37.615.0 1 0 .111.3 10.113.7 O.OlO.O 0.210.3 16.012.8 1 5 .H 5 .5 1.310.1 1.510.4 2.710.2 2 . 8 1 0 .2
3.3% 69.4% Se s 5 .5% S S
4d En 1.000 -0.711 8 7 .0 i5 .0  48.5116.1 118.5*3.2 26 .O i l . 9 1 0 .7 H .7  5.312.5 O.OlO.O 5-311.0 14.711.6 15.7+2.5 1.310.1 1.710.1 2 . 8 1 0 .2 3. UO. 2
44.3% 78.0% 50.6% s S S S
5d En 1.080 +0.800 87.015.0 53.5112.4 118.513.2 30.915.6 10.7±2.7 6.712.6 0.010.0 3 .O i l . 2 1 4 .7 H .6  12.914.5 1 .3 l0 .1 1.610.3 2 . 8 1 0 .2 3.210.4
38.5% 73.9% 37.73! s 12.33! S S
6d LC - - 87.015.0 86.5115.8 118.513.2 3S .U 3 .3 10.712.7 10.714.3 O.OlO.O O.OlO.O 14.7+1.6 16.612.B 1.310.1 1.710.2 2 . 8 1 0 .2 2.810.4
0.6% 70.3% 0.5X s S S S
aEn = Elodea n u t ta l i  i i . LC *  l ig h t  c o n tro l (p h y to .)
b l  = in f lu e n t ,  E = e f f lu e n t ,  PR = percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . d ev .) have been rounded o f f  to  the nearest 0.1 ng*L \  
The percent removals r e f le c t  the o r ig in a l va lues.
C1Q0X prim ary e f f lu e n t ,  0 *  2.31 d. 
d100X prim ary e f f lu e n t ,  6 *  4.62 d. 
eS = re a c to r was a source fo r  th a t c o n s t itu e n t.
Table II~ S . Data fro a  Run 4 (6 /3 0 /8 4 -7 /6 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor M acro.8 Biomass 
(S tanding Crop) 
kg wet w t*a  ^
P ro d u c tiv ity  
g d ry  w t-a  ^ -d  ^
A lk a l in i t y  
mg CaC0^‘ L '  
I b Eb 
PRb
BOD,
■ g - l 









I  E 
PR
TN









I  E 
PR
i c En 2.302 ♦1.623 113.8113.3 34.813.8 133.0±21.2 9.314.7 13 .3±1.5 1 .6 *1 .5 O.OlO.O 1.410.6 16 .0*2.0  4 .4±1.3 2 .3 *0 .3  1.910.2 4 .010.5  2.810.1
69.4% 93.OX 88. IX sd 73. IX 16.7% 29.4%
2C En 2.021 +1.195 113 .8 H 3 .3 33.7125.2 133.0121.2 9.915.0 13 .3 i l .5 2 .71.12 0 .0 *0 .0 1 .7*0 .4 16.5*2 .0  4.9+0.4 2.3±0.3  2.210.3 4 .010.5  2 .610.4
70.4% 92 .5X 79.8% s 70.2% 3.9X 35.5%
3C En 1.484 ♦1.398 113.8113.3 79,0129.4 133.0121.2 1 4 .U 4 .6 13.3*1 .5 6 .9 *1 .2 O.OlO.O 0 .0 *0 .0 16 .5*2 .0  e .2 *0 .6 2.310.3 2.410.2 4 .010.5  2.810.3
30.6% 89 .4X 48.2% ox 50.6% S 29.2%
4C Mh 1.139 -1.350 113.8113.3 31.0112.1 133.0121.2 9.313.9 13.3*1 .5 0 .7 *0 .9 o.o+o.o 5 .6 *1 .9 16.5*2 .0  7 .1 *2 .! 2 .310.3 2 .510.4 4.010.5 3 .2 *0 .4
72.8% 35.OX 9 4 .6X s 57. OX S 20. IX
5C Mh 0.814 -0.150 117 .8 i6 .0  51.3+10.3 117.1122.4 17.518.2 13.4*2 .4 5.4±0.9 0 .0 *0 .0 1.5*1 .0 13.4*4.3  8 .411.4 2.3+0.4 2.7±0.3 3 .410.8  2.910.1
56.4% 8 5 .OX 60. IX s 37. IX S 13.6%
6C Mh 0.715 -0.353 117.8+6.0 47.5*12.3 117.1122.4 11.015.3 13.4*2 .4 4.111.7 O.OlO.O 1.5*1 .0 13.4*4 .3  6 .2 *1 .6 2 .3 *0 .4  2.410.3 3 .410.8  2 .6 *0 .1
59. 7% 90. EX 69.6% s 53.5% S 23 .OX
7C LC - - 117.816.0 108.7*16.0 117.1122.4 19 .U 5 .1 13.4*2.4 10.5*2 .5 o . o + o . o O.OlO.O 13.4*4.3  14.9*2 .6 2 .3 *0 .4  2.510.2 3.410.8  2 .810.3
7.7% 83 .6X 21.6% ox S S 18.3%
a£n = Elodea n u tta l1 1 1 , Hh s  H yriophyllum  heterophy11 urn. LC = l lg n t  c o n tro l (P h y to .)
bI = in f lu e n t ,  E in e f f lu e n t ,  PR = percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . d ev .) have been rounded o f f  the nearest 0.1 mg-L 
The percent removals r e f le c t  the o r ig in a l values.
C10Q% prim ary e f f lu e n t ,  0 = 3.47 d.
dS = re a c to r  was a source fo r  th a t c o n s titu e n t.
Table I I - 6 .  Oata from Run 5 (7 /2 5 /8 4 -7 /3 1 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor Macro.* Biomass
(S tanding Crop) 
-2kg wet w t*a
P ro d u c tiv ity  
-2 * -1 g dry w t*a d
A lk a l in i t y  
®g CaCO .-l"1 




I  E 
PR
Nh!-N













pc’ ; - p
og-L 
I  E 
PR
TP
• ig - l* '
I  E 
PR
i c En 1.500 +2.414 129.543.0 52.0±1.6 103.119.0 2 .711.6 1 5 .6 i0 .9  0.4+0.2 O.OlO.O l . B t l . 2 18.212.3 2.9+0.4 2.940.4 1 .8 i0 .1 4 .340 .3  2 .440.2
59.8* 97 .4* 97.3% s 81. 7% 36.2* 44 .3 *
2C En 1.500 +2.363 129.5±3.0 57.015.3 103.119.0 3 .812.4 15.610.9 1 .9 i0 .7 O.OlO.O 1.710.9 18.212.3 6 .313.8 2.940.4 2 .040.3 4 .340 .3  2 .840.5
55.9* 96 .3* 87.7% s 65.5% 28.9* 34 .8*
3C En 1.500 +1.752 129.513.0 57.817.4 103.119.0 4 .011.7 15.610.9 2.210.6 O.OlO.O 2 -7 H .9 18.212.3 6 .3 H .9 2.940.4 1.740.4 4 .340 .3  2 .540.3
55.3* 96 .1* 85.7% s 65. 6% 41.8* 4 2 .2 *
4C Kh 0.661 +2.160 129.513.0 52.513.0 103.119.0 4 .112.5 15.6+0.9 1.410.8 O.OlO.O 1.710.5 18.212.3 4.210.7 2.940.4 2.440.5 4 .340 .3  2 .640.3
59.4* 95.9* 91.1% s 77. 0% 17.4* 4 0 .4 *
5C Mh 0.885 +2.920 127.511.9 40.314.5 92.0110.0 4 .013.2 15.510.9 0.5±0.2 O.OlO.O 3 .4 H .5 18.311.1 5.612.8 2.840.4 2 .840.6 4 .240 .3  2 .940.7
68.3* 9 4 .7* 97.0% s 67. 5% 0 .3 * 30 .4*
6C Mh 1.076 +2.940 127.511.9 45.815.9 92.0110.0 4 .111.8 15 .5 t0 .9  l . l tO .4 O.OlO.O 2 .7 H .6 18.311.1 5.812.6 2.840.4 2 .840.3 4 .240 .3  3 .340.3
64 .1* 9 5 .5 * 93.0% s 67. 9% 2 .8 * 22 .0 *
7C LC - - 127.511.9 137.515.7 92.0110.0 66.119.2 15.510.9 13.8+1.4 O.OlO.O 0.010.0 18.311.1 18.512.6 i . 840.4 2.740.4 4 .240 .3  4 .040.7
S 2 5 .9* 11.2% 0% 5 5 .6 * 4 .5 *
10c LB - - 13012.3 75.319.7 9 2 .0 i l3 .5  31.713.3 1 5 .5 H .0  0.6+0.6 o . o + o . o O.OlO.O 1 7 . 6 l l . 4 18.212.3 2.840.4 1.240.4 3.740.6  4 .041.4
42 .1* 65.5* 96.0% 0% S 55 .5* S
aEn = Elodea n u t ta l1i i . Mh = H yriophyllum  he terophyllu ffi. LC = l ig h t  co n tro l (p h y to .) ,  LB = l ig h t  c o n tro l (pho to tro p h ic  b io f i la  on aquaria p la n ts ) .  
b I *  in f lu e n t ,  E = e f f lu e n t ,  PR *  percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . d e v .) have been rounded o f f  to  the nearest 
0.1 mg-L \  The percent removals r e f le c t  the o r ig in a l values. 
c 100% prim ary e f f lu e n t ,  0 = 3.47 d. 
dS s re a c to r  was a source fo r  th a t  co n s titu e n t.
Table 11-7. Data from Run 6 (6 /1 7 /8 4 -8 /2 3 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor M acro.* Biomass
(Standing Crop) 
*2kg wet wt«m
P ro d u c tiv ity  
-2  -1 g d ry wt*m *d





*g -L  
I  E 
PR
nh! - n
*  - l
«g-L 
















■g -L *1 
I  E 
PR
1c En 1.500 +3.800 134.3±5.6 53.012.8 118.3119.4 3 . 3 i l .6 18.312.8 0 .310.2 O.OlO.O 4.211.0 19:711.3 7 . 2 t l .5 3. HO. 4 1.310.1 4.910.6 2 .710.5
56 . 83! (A .B) 97.2% (A) 98.4% (A .B ) S (C ,0) 63.4% (A) 57.3% (A) 43.6% (A)
2C En 1.500 +3.096 134.315.6 48.815.0 118.3119.4 2.711.5 18.312.8 1.310.5 O.OlO.O 3.412.0 19.711.3 7 . I i 3 . 3 3 .H O .4 1.510.1 4.910.6  2 .610.3
63.63! (4 ) 97.7% (A ) 92.7% (B) S (B.C) 63.6% (A) 50.8% (A.B) 4 6 .A  (A)
3C En 1.500 ♦2.650 134.315.6 86.0110.0 118.3*19.4 3.012.1 18.312.8 8 .312.0 O.OlO.O 1.210.6 1 9 .7 H .3 11.013.9 3 .H O .4 2.710.3 4.910.6 3 .310.3
35.93! (B.C.D) 97.4% (A) 54.4% (A .B ) 5 (A.B) 43.9% (A ,8) 11.4% (D) 33.1% (A .B )
4C La 0.260 +1.901 134.315.6 115.616.4 118.3119.4 2 0 .U 3 .9 18.312.8 9.911.3 O.OlO.O 0.010.0 19.711.3 14.011.3 3 . H O .4 1.910.2 4.910.6 2 .810.5
13.9% (D) 83.0% (B) 45.5% (A ,8) 0% (A) 28 7% (B.C) 39.4% (B.C) 43.2% (A)
SC Mh 1.335 +0.019 132.311.3 58.5129.5 113.6122.2 3.712.7 18.312.7 2 .612.6 O.OlO.O 7.1+4.3 20.011.6 12.513.7 3.310.5 2.210.7 4 .710.4  3 .110.9
55.83! (A.B.C) 96.7% (A) 85.8% (A) S (E) 37.4% (B) 33.7% (C) 34.8% (A .B )
6C Mh 1.335 -1.634 132.3 i l .3 57.0112.4 113.6122.2 5.512.0 18.312.7 1.911.2 O.OlO.O 5 .1*1 .7 20.011.6 1 0 .8 l l .2 3.310.5 1.910.2 4.710.4  3 .510.3
56 .9* (A ,8) 95.1% (A) 89.6% (A ,8) S (C.D.E) 45.9% (A ,B ) 42.8% (B.C) 26.1% (B.C)
7C LC - - 132.311.3 90.8123.3 113.6122.2 31.7115.5 18.312.7 6 .313.5 O.OlO.O l . O t l . l 20.011.6 19.312.2 3 .310.5 2.210.1 4 .710.4  4 .010.2
3 1 .4* (B,C,D) 72.0% (C) 65.3% (C) 5 (A,B) 3.1% (C) 31.3% (C) 15.4% (C)
10c LB - - 136.815.3 91.013.8 113.0122.0 16.3H S.7 18.4*2 .9  6 .010.4 O.OlO.O O.OlO.O 18.911.8 12.411.5 3.310.4 1.810.2 4 .710 .4  3 .510.2
33.53! (D) 85.5% (B) 66.9% (C) 0% (A) 34.1% (8 ) 44.7% (B.C) 23.0% (B.C)
a£n -  Elodea n u t t a l l i i . Mh = M yriophylluM  h e te ro p h y liu a , LC = l ig h t  c o n tro l (p h y to .) ,  LB -  l i g h t  co n tro l (p h o to tro p h ic  b io f i l o  on aquaria p la n ts ) .
^1 = in f lu e n t ,  E = e f f lu e n t ,  PR -  percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . de v .) have been rounded o f f  to  the nearest 
0.1 mg/L. The percent removals r e f le c t  the o r ig in a l values. The le t te r s  in  parentheses next to  the PR values denote the  re a c to rs  which produced 
s im i la r  q u a li t y  e f f lu e n t  ( i . e .  the same le t t e r ) .
c 100* prim ary e f f lu e n t ,  6 = 3.47 d.
dS s re a c to r  was a source fo r  th a t c o n s titu e n t.
Table 11-8. Data from Run 7 (U /2 7 /S 4 -1 2 /3 /8 4 ) Regarding Wastewater Treatment E ff ic ie n c y .
Reactor H acro .d Biomass 
(S tand ing  Crop) 
kg wet wt*m
P ro d u c tiv ity
-2 -1 g dry wt*m *d
A lk a l in i t y



























I  E 
PR
i c En 1.500 +0.477 176.6122.4 64.5136.6 142.6136.3 6.210.4 28.710.2 12.213.8 O.OlO.O 3.715.6 28.912.2 24.611.8 3 .4 t l .O  2 .510.9 6.810.9  3.710.9
52 .2 i  (A .B) 95.6% (A) 57.6% (A.B) S (A .B ) 1 4 . (A.B.C) 2 6 .a  (A ,B ,C ) 45.8% (A ,8)
2C En 1.500 ♦0.455 176.8122.4 117.3H 5.1 142.6136.3 5.511.0 28.710.2 15.312.1 O.OlO.O 0.510.6 28.912.2 22.612.7 3.411.0 1.810.3 6 .810 .9  4.210.5
33.6% (A .B .C ,D .E .F ) 9 6 .IX (A) 46.6% (B) S (A) 21.9% (A) 47.4% (A) 39 .OX (A.B.C)
3C En 1.500 ♦0.330 178.8122.4 103.5127.4 142.6136.3 7.311.3 28.710.2 14.413.6 O.OlO.O 2 . 6 1 2 .9 28.912.2 24.012.4 3 .4 H .0  2 .310.5 6.810.9  4.010.3
41.4% (A,B,C ,D) 9 4 .«  (A) 49.8% (A.B) S (A .B ) 16.9% (A.B.C) 3 2 .a  (A .B .C ) 42.0X (A.B.C )
4C Mh 1.500 ♦0.255 176.8122.4 109.3115.6 142.6136.3 6 .6 i3 .1 28.710.2 13.911.4 O.OlO.O 1.510.7 28.912.2 23.213.7 3.411.0  1.910.4 6.810.9  4.210.3
3 8 . IX (A.B.C.O.E)i 9 5 .«  (A) 51.4% (A.B) S (A) 19.a  (A.B) 43.6% (A .B ) 38. IX  (A.B.C)
5C En.Mh 1.500 +0.462 183.5128.3 63.8139.5 142.5136.2 7.511.1 29.211.0 8.914.7 O.OlO.O 6.713.9 27.711.9 25.213.8 2 .6 H .1  2 .710.6 6.410.9  3.610.3
65 .a  (A) 94.7% (A) 69.6% (A) S (B) 8.9% (A.B.C) S (B.C) 43 .a  (A)
6C Ob - - 183.5128.3 102.0±50.9 142.5136.2 10.212.6 29.211.0 13.416.5 O.OlO.O 3.115.2 27.711.9 2 4 .4 H .3 2 . 611.1  2 . 8 1 0 .6 6.410.9  5 .H O .6
44.4% (A.B .C ) 9 2 .»  (A) 54 .OX (A.B) S (A.B) 11.8% (A.B.C) S (C) 20.a (C)
7C La 1.500 ♦0.02 183.5128.3 168.819.4 142.5136.2 74.315.0 2 9 .2 il.O  25.712.4 O.OlO.O O.OlO.O 27.711.9 2 7 . 4 l l . l 2 .6 H .1  2.310.4 6 .410 .9  4 .310.8
8.0% (C.D.E.F.G) 47.8% (B) 12 .OX (C) OX (A) 0.9% (C) 10.1X (A .B .C ) 37.5% (A.B.C)
8C LC - - 183.5128.3 158.815.1 142.5136.2 39.517.3 2 9 .2 il.O  25.912.6 O.OlO.O O.OlO.O 27.711.9 27.112.6 2.611.1 2 .210.4 6 .410 .9  3.910.4
13.4% (C.D.E.F.G) 7 2 . »  (C) 11.3% (C) OX (A) 2 .OX (B.C) 13 .6* (A ,8 ,C ) 42 .OX (A.B.C)
* tn  = Elodea n u t ta l1i i . Hh = M yr*cphy liua  heteroohyllum . LC s l i g n t  c o n tro l (p h y to .) ,  LB = l ig h t  c o n tro l (p h o to tro p h ic  b io f i lm  on aquaria  p la n ts ) .
^1 = in f lu e n t ,  E = e f f lu e n t ,  PR *  percent removal. The in f lu e n t  and e f f lu e n t  values (and th e ir  s td . d ev .) have been rounded o f f  to  the  nearest 
0.1 mg/L. The percen t removals r e f le c t  the o r ig in a l va lues. The le t t e r s  in  parentheses next to  the PR values denote the re a c to rs  which produced 
s im i la r  q u a li ty  e f f lu e n t .
C100S p rim ary  e f f lu e n t ,  6 = 3.78 d.
s  re a c to r  was a source fo r  th a t  c o n s titu e n t.
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Table I I - 9 .  Results from ANOVAs on In f lu e n t  and E ff lu e n t  
Concentrations a t Various Wastewater Constituents 
During Runs 6 and 7.
Run C onstituen t S ign if icance  LSD
Level
6a A lk a l in i t y (P < 0 . 0 0 1 ) 34.42 mg*
-1
6 bod5 (P < 0 . 0 0 1 ) 9.63 mg*
“ |
6 nh4+- n (P < 0 . 0 0 1 ) 2 . 8 8 mg*
-  ]
6 no2 ' -+ n o 3"-n (P < 0 . 0 0 1 ) 2.76 mg*
6 TN (P < 0 . 0 0 1 ) 3.99 mg*
“ |
6 P043' (P < 0 . 0 0 1 ) 0.46 mg*
6 TP (P < 0 . 0 0 1 ) 0.72 mg*
7b Al k a l i  n i t y (P < 0 . 0 0 1 ) 68.79 mg*
-1
7 B0D5 (P < 0 . 0 0 1 ) 5.45 mg*
7 N H/-N (P < 0 . 0 0 1 ) 5.78 mg*
- |
7 N02 ' -+N03‘ -N (P < 0 . 0 0 1 ) 4.45 mg*
7 TN (P < 0.05) 4.05 mg* _1
7 po43" (P < 0.05) 0.83 mg*
-  ]
7 TP (P < 0.05) 1.28 mg*
aSee Table I 1-7 fo r  reactors  which are s ig n i f i c a n t ly  d i f f e r e n t  from 
one another.
L.
See Table I 1-8 fo r  reactors  which are s ig n i f i c a n t ly  d i f f e r e n t  from 
one another.
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Constituen t Loading and Removal Rates
Figures I 1-6 through 11-11 are p lo ts  o f co n s t i tu e n t  loading 
versus removal ra te s , co n s t i tu e n t  removal ra tes versus p ro d u c t iv i ty ,  
and co n s t i tu e n t removal ra tes versus i n i t i a l  biomass present fo r  each 
o f the wastewater con s t i tu en ts  ( a l k a l i n i t y ,  BOD^, NH^-N, TN, PO^ -P, 
and TP). The data are based on re su lts  from each o f the Elodea n u t t a l1i i  
reactors  during run 1-7. The use o f the data from the E. n u t t a l l i i  
reactors  re f le c ts  both the g reater q u a n t ity  o f data and b e t te r  system 
performance compared to  the o ther macrophytes.
Discussion
The re su lts  from th is  study show th a t  Elodea n u t t a l1i i  is  a 
superio r candidate fo r  use in  an aquatic-macrophyte based aquatic 
treatment system designed to  t r e a t  primary e f f lu e n t  under temperate 
c lim ate  cond it ions  in  a greenhouse. Wastewater c o n s t i tu e n t removal 
ra tes were s im i la r  to  those reported fo r  water hyacinth-based systems. 
E f f lu e n t  concentrations o f the con s t i tu en ts  in d ica te  th a t  E. n u t t a l l i i  
based systems are capable o f p rov id ing  a t le a s t secondary and probably 
advanced secondary wastewater treatment c a p a b i l i t ie s .
Macrophyte Evaluation
Elodea n u t ta l1i i  was by fa r  the superio r candidate because i t  was 
productive  year-round and re s is ta n t  to  fo u l in g  by filamentous green 
algae. Ceratophyl1 urn demersum and Myriophyllum he te rophy l1 urn were 
fou led excessive ly whenever they were grown in  the reacto rs . Research 
by Mulligan and coworkers (M u ll igan  and Baranowski, 1969; Mulligan e t
44
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Figure I I - 6 . Total a l k a l i n i t y  (TA) loading versus removal ra tes ( to p ) ,  
and a l k a l i n i t y  removal ra tes versus p ro d u c t iv i ty  (m idd le ), 
and biomass (bottom). C o rre la t ion  c o e f f ic ie n ts  and 
leve ls  o f s ig n i f ica n ce  fo r  the regressions are provided.
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Figure I 1-7. BOD^  loadings versus removal ra tes ( to p ) ,  and BOD^
removal ra tes versus p ro d u c t iv i ty  (m idd le ),  and 
biomass (bottom). C o rre la t ion  c o e f f ic ie n ts  and 
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Figure I 1-8. NH^+-N loading versus removal rates ( to p ) ,  and NH^+-N4
removal rates versus p ro d u c t iv i ty  (m idd le ), and biomass 
(bottom). C orre la t ion  c o e f f ic ie n ts  and leve ls  o f 
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Figure I I - 9 . TN loading versus removal rates ( to p ) ,  and TN removal 
ra tes versus p ro d u c t iv i ty  (m idd le ), and biomass 
(bottom). C orre la t ion  c o e f f ic ie n ts  and leve ls  o f 
s ig n i f ic a n c e  fo r  the regressions are provided.
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3~ 3-Figure 11-10. PO^  -P loading versus removal ra tes ( to p )  and PO^  P
removal rates versus p ro d u c t iv i ty  (m iddle) and biomass 
(bottom). C o rre la t ion  c o e f f ic ie n ts  and leve ls  o f 
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11-11. TP loading versus removal ra tes ( to p ) ,  and TP removal
ra tes versus p ro d u c t iv i ty  (m iddle) and biomass (bottom). 
C o rre la t io n  c o e f f ic ie n ts  and le ve ls  o f s ig n i f ic a n c e  fo r  
the regressions are provided.
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a l . , 1976) ind ica tes  th a t  Elodea sp. are re s is ta n t  to  e p ip h y i t iz a t io n  
under enriched cond it ions  whereas o ther macrophytes, inc lud ing  
C. demersum and Myriophyllum s p . , are not which supports the observa­
t io n s  presented here. Lemna minor was also p roductive  year-round (see 
Chapter IV ) ,  however, the dense mat o f  fronds produced anaerobic 
cond it ions in  the water column and frond scenescence, which con­
t r ib u te d  to  the higher BOD^  concentra tions in the e f f lu e n t .
Reactor Mixing
The reactors  were well mixed w ith  d if fu se d  a i r  which not only 
made the sampling pro tocol eas ie r but a lso improved rates o f mass 
t ra n s fe r  o f inorgan ic  carbon, n it ro gen , and phosphorus to  t ra n sp o r t  
s i te s  fo r  a c t ive  tra n sp o r t .  Parker (1982, 1983), Wheeler (1980), and 
Westlake (1967) have a l l  observed th a t  p ro d u c t iv i t ie s  or n u t r ie n t  
uptake rates are enhanced by reac to r mixing. Mixing helps to  minimize 
the e f fe c ts  o f boundary layers ac t ing  as a res is tance to  substra te  
t ra n sp o r t  from the bu lk medium to  the c e l l  wall (Walker, 1980). The 
high n itrogen and phosphorus content o f the macrophytes (see Chapter 
IV) may be due to  the improved rates o f mass t ra n s fe r  in  these reactors .
Operational Parameters
The opera tional parameters o f the p i l o t  scale systems in th is  
study were s im i la r  to  ones employed fo r  water hyacinth-based systems 
designed to  t r e a t  primary e f f lu e n t .  The hyd rau lic  loading ra tes , 
deten tion  times, and BOD^  loading rates were b e t te r  than those 
advocated fo r  hyacinth systems, w h ile  the TN and TP were not q u ite  as
high. The fa c t  th a t  these systems, using submergent macrophytes, 
performed as w ell as f lo a t in g  macrophyte systems ind ica tes  th a t  land 
and operation and maintenance costs may be s im i la r  to  hyacinth systems 
and thus an economically v iab le  a l te rn a t iv e  to  conventional secondary 
treatment systems (Stowell e t a l . ,  1981).
E f f lu e n t  Constituen t Concentrations
The e f f lu e n t  wastewater c o n s t i tu e n t concentrations were lower 
than the e f f lu e n t  gu ide lines fo r  secondary treatm ent, except fo r  run 3 
when hyd rau lic  and organic loadings were exce p t io n a lly  high and pro­
d u c t iv i t y  was a t  i t s  y e a r ly  low. The data suggest th a t  manipulation 
o f  the hyd rau lic  residence time, and thus the wastewater co n s t i tu e n t 
loading ra te s , may be a means o f improving the e f f lu e n t  q u a l i ty  to  the 
advanced secondary leve l on a year round basis. The lower loading 
rates and longer de ten tion  times would compensate fo r  the decreased 
m icrob ia l and p la n t  metabolic a c t i v i t y  in  the w in te r. Therefore, sug­
gested summer 6 values are 3-6 d and suggested w in te r  9 values are 
4-8 d. The macrophyte reactors performed s ig n i f i c a n t ly  b e t te r  than 
the co n tro ls  and Elodea n u t ta l1i i was usua lly  s ig n i f i c a n t ly  b e t te r  
than the other macrophytes in  producing b e t te r  e f f lu e n t  q u a l i ty  par­
t i c u la r l y  fo r  BOD^, NH^+-N, TN, and TP removal. P re lim inary  data on 
to ta l  suspended so lid s  in  the e f f lu e n t  ind ica ted  th a t  the macrophyte 
reactors  ( p a r t ic u la r ly  Elodea n u t ta l1i i reac to rs )  produced concentra­
t io n s  less than 5 mg-L No f in a l  c l a r i f i e r  was required. The 
con tro l reactors  and Lemna mi nor reactors produced high concentrations 
(20-80 mg-L ^) which ind ica tes  th a t  secondary c la r i f i c a t i o n  would be 
required fo r  those systems.
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Wastewater C onstituent Removal Rates
A lk a l i n i t y  loading rates were co rre la te d  s ig n i f i c a n t ly  to  removal 
rates ( r  = 0.70, p < 0.001) as shown in  Figure I 1-6. A lk a l in i t y  
removal rates were co rre la te d  s ig n i f i c a n t ly  to  p ro d u c t iv i ty  rates ( r  = 
0.50, p < 0.05) and to  biomass ( r  = 0.75, p < 0.001) present in  the 
reactors . A lk a l in i t y  is  usua lly  removed by photosynthesis, n i t r i f i c a ­
t io n ,  and c o -p re c ip i ta t io n  and adsorption reactions. The photosynthe tic  
a c t i v i t y  o f Elodea n u t ta l1i i has also been shown to  a f fe c t  a lk a l in i  t ie s  
in  the reactors  on a d iu rna l basis (see Chapter V I) .
BODg loading rates were co rre la ted  s ig n i f i c a n t ly  to  removal 
ra tes ; BOD^  removal ra tes were co rre la te d  s ig n i f i c a n t ly  ( r  = 0.80, p < 
0.001) to  biomass but not p ro d u c t iv i ty  (F igure 11-7 ) .  Stowell e t - a l .  
(1981) have also observed a s ig n i f i c a n t  c o r re la t io n  between loading 
and removal. A number o f studies have shown th a t  he te ro troph ic  bac te r ia  
comprise a s ig n i f i c a n t  p roport ion  o f the e p ip h y t ic  populations on 
aquatic macrophytes (Hossell and Baker, 1979a&b; Howard-Wi11iams e t 
a l . ,  1978; Hodson, 1986; Ramsay, 1974 and 1977; Robb e t a l . ,  1979;
Rogers and Breen, 1983). The fa c t  th a t  BOD^  removal was co rre la te d  to 
biomass, and hence macrophyte surface area, suggests th a t  e p iph y t ic  
he te ro troph ic  b ac te r ia  were the dominant he te ro troph ic  popu la tion  in  
the reactors  when compared to the pe lag ic  or sediment populations.
The BOD^  loading and removal rates compare very favorab ly  w ith  those 
reported in  the l i t e r a t u r e  (see Table 11-10). The e f f lu e n t  con­
cen tra t ions  observed in th is  research were genera lly  b e t te r  than those 
reported in  Table 11-10.
Table 11-10. Summary of BOD^  Loading and Removal Rates in Various Aquatic Treatment Systems.




m3-ha‘ 1* d '1
B0D5 
Loading Rate 
k g - h a ^ - d '1
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Removal Rates, 














Eichornia crassipes 2° + 3° 240 26.0 24.3 93.6 54.0 110.0 7.0 Wolverton, 1979
2° + 3° 260 44.0 37.7 85.7 67.0 161.0 23.0 Wolverton & McDnnald, 1979
2° + 3° 369 66.0 - - - - 16.0 Dinaes, 1979
3° 3570 179.0 128.9 72.0 6.8 50.0 14.0 Wolvertnn & McDnnald, 1979
3° 1860 43.0 - - 5.3 23.0 5.0 Dinges, 1978 & 1979
3° 1860 89.0 - - 4.5 46.0 6.0 Dinges, 1978 & 1979
3° 1400 72.0 - - 6.0 42.0 12.0 Dinges, 1978 I  1979
3° 870 - - - 7.0 - 20.0 Dinges, 1979
3° 850 - - - 11.0 - 9.0 Dinaes, 1979
3° 1550 - - - 6.0 - 35.0 Dinges, 1979
3° 1860 - - - 7.0 - 31.0 Dinges, 1979
3» 870 31.0 23.8 76.9 6.0 13.0 3.0 Swett, 1979
3° 106b 18.0 10.3 57.7 3.0 11.6 4.9 Hauser, 1984
3° 106c 18.0 12.4 68.9 3.0 11.6 3.6 Hauser, 1984
3° 106d 18.0 12.5 69.8 3.0 11.6 3.5 Hauser, 1984
3° 106b 13.0 9.5 73.2 3.0 8.6 2.3 Hauser, 1984
3° 106c 13.0 10.1 77.9 3.0 8.6 1.9 Hauser, 1984
3° 106d 13.0 9.2 70.9 3.0 8.6 2.5 Hauser, 1984
3° 300a 13.6 12.95 94.9 15.0 45.5 2.3 Tridech et a l . ,  1981
Lemna minor 3° 700 31.0 18.3 59.1 22.0 44.0 18.0 Wolverton, 1979
Scirpus sp. 3“ 300a 13.6 10.35 75.8 15.0 45.5 11.0 Tridech et  a l . ,  1981
Elodea n u ta l l i i 2° + 3° 259-518 2.4 -63 .7 2.3-60 '-95.0 3 .4 -4 .6 ^120 -6.0 This study
cnoo






NH^+-N loading ra tes were co rre la te d  w ith  removal rates ( r  =
0.78, p < 0.001) as shown in  Figure 11- 8 . NH^+-N removal rates were 
s ig n i f i c a n t ly  co rre la te d  to  p ro d u c t iv i ty  ( r  = 0.65, p < 0 .01 ), and 
biomass ( r  = 0.62, p < 0.01) present in  the reactor. Ammonia is  
remowed in  aquatic  treatment systems by n i t r i f i c a t i o n ,  p la n t uptake, 
and v o la t i l i z a t io n  (Reddy and Sutton, 1985). NO2 - and NO^  "N were 
produced in  the reactors  on a year-round basis (see Tables I I -2 
through 11 - 8 ) thus in d ic a t in g  t h a t - n i t r i f i c a t i o n  was an important 
ammonia removal mechanism. A number o f s tudies have shown th a t  
n i t r i f y i n g  populations are present on aquatic macrophytes (Matulewich 
and F in s te in ,  1979; Matulewich e t a l . ,  1975; see also Chapter V) which 
in  p a r t  exp la ins the c o r re la t io n  between removal and biomass. Ammonia 
is  also a n itrogen  source which is  re a d i ly  transported by ac t ive  
t ra n sp o r t  systems located in  the plasmalemmas o f macrophytes. The use 
o f ammonium as a n itrogen  source by Elodea s p . , and the c lo se ly  re la ted  
Eqeria densa has been documented (N ichols and Shaw, 1986; Smith, 1980 
and 1982; see also Raven, 1985), which in  p a r t  exp la in  the c o r re la t io n  
between removal ra te  and both p ro d u c t iv i ty  and biomass.
TN removal rates were not co rre la ted  to  loading rates (F igure 
I 1-9). However, i t  appears th a t  a dec line  in TN removal rates occurred 
above a loading ra te  o f 6 .5 Kg*ha ^*d ^ . TN removal ra tes were s ig n i f i  
ca n t ly  co rre la te d  to  p ro d u c t iv i ty  ( r  = 0.85, p < 0.001) and to  biomass 
( r  = 0.69, p < 0.001) present in  the reactor. The TN loading and 
removal ra tes were lower than those reported in  the l i t e r a t u r e  (see 
Table 11-11) where the treatment systems were used to removal only 
ammonia. The loading and removal rates were s im i la r  to  those reported 
fo r  secondary and t e r t i a r y  treatment systems designed to remove both
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Tabla 11*11. Suqaary o f  TN load ing  and Remval Rates In  Various Aquatic Treatment Systeat.
System types o f 
Treatment
Hydraui ic  
lo ad in g  Rate, 
a ^ -h a '1- d *
TN ’ 
load ing  Rate 
kg-ha ^ d " '
TH
Reaoval Rates, 






in f lu e n t
TN
ag-L" 1




Eichorn ia  crass ipes 2° * 3® 240 2.83 2.03 71.6 54.0 12.0 3.4 W olverton, 1979
3# 1,860 16.33 10.65 69.5 5.3 8.2 2.5 Oinges, 1978 & 1979
i t 8/0 53.41 51.02 95.5 6.0 22.4 1.0 Swett, 1979
t t 1,860 19.15 12.18 63.6 4.8 9.9 3.6 Oinges, 1978 & 1979
i t 1,220 19.43 3.09 15.9 0.63 15.7 13.2 Cornwell e t  a l . , 1977
2* ♦ 3* - - 9 .2 ,5 .4 b - - 12 .8 ,19 .9b lee  and McKia, 1980
2* * 3* - - 6 . 6 ,6 . 9b - - 16.7 ,17 .6b U e  and McKia, 1980
3* - - 9.8 - - 3.2 Oinges, 1979
3# - - 51 .3 .2 1 .9b - - 11 .0 ,15 .0b Stowel1 e t  a l . . 1981
3# • - 7 4 .5 .2 5 .l b - - 13 .4 ,16 .6b Stowell e t a l . , 1981
3* - - 52 .8 .2 3 .3b - - 6 .4 ,1 2 .8 b Stowel1 e t a l . , 198)
3* - - 95.8 - - 0.6 Swett, 1979
3* • - 5 .3 ,6 .2 - - 0 .5 ,0 .5 Swett, 1979
3* 1.900 19.0 13.0 68.4 2.0 10.1 3.8 Swett, 1979
3* 1,900 27.0 17.0 62.9 2.0 14.2 5.8 Swett. 1979
3« 1,900 81.0 79.0 97.5 2.0 42.8* 0.9 Swett. 1979
3« 633 9.0 8.0 88.8 14.0 ' 14. b 1.7 S tewart, 1979
3« 3,965 83.0 51.0 61.4 1.2 21.0 8.6 Weber and Tchobanoglous, 1985
3* 6,034 128.0 51.0 39.8 0.8 21.0 13.0 Weber and Tchobanoglous, 1985
3« 12,068 253.0 74.0 29.2 0.4 21.0 15.0 Weber and Tchobanoglous, 1985
3# 1,242 22.0 13.0 59.0 3.4 18.1 7.3 Weber and Tchobanoglous, 1985
3« 1,389 22.0 18.0 81.8 3.0 18.1 3.7 Weber and Tchobanoglous, 1965
3* 1,261 22.0 14.0 63.6 3.3 18.1 6.5 Weber and Tchobanoglous, 1985
3* 1,668 42.0 29.0 69.0 1.8 26.1 7.7 Weber, 1983
3« 2,941 81.0 34.0 41.9 1.0 27.4 15.8 Weber. 1983
3# 4.509 112.0 32.0 28.5 0.7 24.4 17.3 Weber, 1983
3« 6.078 142.0 21.0 14.7 0.5 22.9 19.6 Weber, 1983
3« 106* 25.0 8.4 33.5 3.0 16.7 11.1 Weber, 1983
3* 106f 25.0 10.2 40.7 3.0 16.7 9.9 Hauser, 1984
3« 106® 25.0 4.8 19.1 3.0 16.7 13.5 Hauser, 1984
30 106* 28.0 15.0 53.8 3.0 18.2 8.4 Hauser, 1984
3* 106f 28.0 20.0 71.4 3.0 18.2 5.2 Hauser, 1964
3* 106® 28.0 15.6 56.0 3.0 18.2 8.0 Hauser, 1984
3® 300* 6.5 5.5 84.8 15.0 21.8 3.3 in o e c h  e t  a l . , 1981
3® 1,900 18.91 9.5 50.1 0.6 9.9 4.9 OeBusk e t  a l . , 1983
3« 1,059 4.82 3.5 71.9 2.6 4.5 3.2 OeBusk e t  a l . , 1983
3« 756c 2 1.92d 3 2 .8 ,5 .5b - 7.0 29.0 - Reddy and OeBusk, 1985
Scirpus sp. 3® 300* 6.33 4.8 75.1 15.0 21.2 5.2 Tridech e t a l . , 1981
P is t ia  s t ra t io te s  1® 756c I6 .29d 2 7 .6 ,4 .3b - 7.0 29.0 - Reddy and DeOi/sk, 1985
Hydrocotlve u rb e lla ta  3® 756c 16.29d 2 0 .3 ,3 .7b - 7.0 29.0 - Reddy and OeBusk, 1985
leana a in o r 3® 588C 16.29 9 .5 ,4 .5b 5 8 .0 ,2 7 .6b 7.0 29.0 12. 1, 20. 9b Reddy and OeBusk. 1985
Spirode la  p o ly rh i ia  3* 588c 16.29 7. 4 ,3 .5b 4 5 .4 ,2 l.7 b 7.0 29.0 15 .8 ,2 2 .7b Reddy and OeBusk, 1985
A zo lla  c a ro lin ia n a  3* 588c 16.29d - - - 7.0 29.0 - Reddy and OeBusk, 1965
S a lv in ia  ro tu n d ifo l ia  3® 588c 16.29 8 .7 ,2 . l b 5 3 .5 ,l2 .8 b 7.0 29.0 13 .5 ,2 5 .3b Reddy and OeBusk, 1985
Eqeria dansa 3* 756c 16.29 5 .8 ,1 .6 b 35 .6 ,9 .9 b 7.0 29.0 1 8 .7 ,2 6 .l b Reddy and OeBusk, 1985
Elodea n u t a l l i i  2® ♦ 3® 259-518 0 .5 -8 .3 0 .4 -5 .2 60-80 3 .4 -4 .6 2 .0 -29 .0 1.2-17.4 This study
* At turns 2 tank l u r l K i  i r w .  
bS uawr, w in te r v i I m i . 
cBatch systeas.





organic and inorgan ic  n itrogen  (see Table 11-11). TN is  removed from 
aquatic  treatment systems by p la n t uptake and harvest, and by n i t r i f i c a ­
t io n  and d e n i t r i f i c a t i o n  (Reddy and Sutton, 1985). D e t r i t a l  sedimenta­
t io n  can act as a seasonal removal mechanism. TN removal rates were 
co rre la te d  to  both p ro d u c t iv i ty  and biomass (F igure I 1-9) which sug­
gests a dependence on uptake, n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n ,  and 
d e t r i t a l  s e t t l in g  (which is  a fu nc t io n  o f p ro d u c t iv i ty ) .  The e f f lu e n t  
concentra tions o f TN were s im i la r  to  those reported in  the l i t e r a t u r e
fo r  o ther aquatic treatment systems (see Table 11-11).
3 -
PO^  -P loading rates co rre la ted  w ith  removal rates ( r  = 0.65, p
3 -
< 0.01) p ro d u c t iv i ty ,  or biomass (F igure 11-10). P0^ -P removal
ra tes were co rre la te d  s ig n i f i c a n t ly  to  p ro d u c t iv i ty  ( r  = 0.50, p <
0.05) but not to  biomass present in  the reac to r. Orthophosphate is  
removed from aquatic treatment systems by p la n t uptake and harvest 
(Reddy and Sutton, 1985). Chemical p re c ip i ta t io n ,  adsorption and 
sedimentation can also remove orthophosphate (Stowell e t a l . ,  1981;
Reddy and Sutton, 1985); however, removal is  seasonal and sub ject to  
chemical e q u i l ib r ia .  The fa c t  th a t  TP removal rates were co rre la ted  
w ith  p ro d u c t iv i ty ,  but not biomass (see below), suggests th a t  the 
major source o f phosphorus was the sediment derived phosphorus f r a c ­
t io n .  Elodea n u t t a l1i i  synthesized extensive ro o t s tru c tu res  which 
extended in to  the sediments. M in e ra l iza t io n  o f  organic phosphorus and 
desorption o f ligand-bound sediment phosphate can play an important 
ro le  in  making orthophosphate a va ila b le  fo r  p la n t uptake. The lack o f 
c o r re la t io n  between removal rates and biomass may be explained by ( i )  
the lesser importance o f orthophosphate uptake from the water column 
by shoot o r le a f  a c t ive  t ra n sp o r t  systems, or by ( i i )  the e f fe c ts  o f
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pH on phosphorus spec ia t io n , l igand  fo rm ation, and desorption o f
ligand-bound sediment phosphate (Stumm and Morgan, 1981). The d iu rna l
pH changes in Elodea n u t t a l1i i  reactors  ranged from 6.9 to  10.2 (see
2 -Chapter V I) which ind ica tes  th a t  H2 PO4 and HPO^  were sub ject to
d a i ly  dynamic adsorp tion /desorp tion  k in e t ic s  which could have a ffec ted
both the a v a i l a b i l i t y  and the concentra tion  o f orthophosphate in
3 -
s o lu t io n . While the concentra tion  o f  P0^ -P in  the reac to r e f f lu e n ts  
were low (w ith  regard to  e f f lu e n t  q u a l i ty  c r i t e r i a ) ,  the data suggest 
th a t  macrophyte photosynthesis and sediment m icrob ia l m in e ra l iza t io n  
p lay important ro les in  governing phosphorus a v a i l a b i l i t y  and adsorp tion / 
desorption and thus i t s  concentra tion  in  the e f f lu e n t .
TP loading rates were co rre la te d  to  removal rates ( r  = 0.70, p < 
0.001) as shown in  (F igure 11-11). TP removal rates were co rre la te d  
to  p ro d u c t iv i ty  ( r  = 0.94, p < 0.001) and to  biomass ( r  = 0.39, p <
0.05) present in  the reac to r. Like orthophosphate, TP is  removed by 
p la n t  uptake and harvest (Reddy and Sutton, 1985). D e t r i ta l  sed i­
mentation plays an important ro le  on a seasonal basis. Elodea sp. and 
the c lo se ly  re la ted  Egeria densa are capable o f tak ing  up orthophos­
phate by both roo t and shoot systems (G e r lo f f ,  1975; Simonis and 
Jescke, 1972; Gabrielson e t  a l . ,  1984; Barko and Smart, 1980). Results 
from the work by Gabrielson e t a l . (1984) and Barko and Smart (1980) 
suggest th a t  g reater than 85% o f the phosphorus requirements fo r  E. 
densa came from sediment derived phosphorus. The data suggest th a t  
Elodea n u t ta l1i i  derives a s ig n i f i c a n t  p roport ion  o f i t s  phosphorus 
requirements from the sediments and th a t  p la n t uptake and sedimenta­
t io n  are important removal mechanisms. The TP loading and removal 
rates were s im i la r  to  values reported fo r  o ther aquatic treatment
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systems (see Table 11-12). The e f f lu e n t  concentrations o f TP were
also s im i la r  to  o ther aquatic, treatment systems and were also s im i la r
to  the ones shown in  Table 11-12.
The re s u lts  from th is  study in d ica te  th a t  the concentra tion o f
biomass in  the reactors  plays an important ro le  in  removal o f a number
o f wastewater con s t itu e n ts  ( a l k a l i n i t y ,  BOD^, NH^+-N, TN) by e i th e r
d i r e c t  p la n t  uptake, or as a support surface fo r  he te ro troph ic  and
n i t r i f y i n g  populations which remove t h e i r  respective  cons tituen ts .
Biomass is  co rre la te d  inve rse ly  w ith  p ro d u c t iv i ty  because o f s e l f
shading and l im i te d  n u t r ie n t  a v a i l a b i l i t y  (Lapointe and Ryther, 1978)
so th a t  a trade o f f  is  required between n u t r ie n t  removal due to
p ro d u c t iv i ty  and wastewater co n s t i tu e n t removal due to the presence o f
- 2
biomass. I n i t i a l  concentra tions o f 2-3 kg wet weight*m and weekly 
harvesting provide an optimum standing crop density .
Elodea n u t t a l1i i , and poss ib ly  Lemna m inor, are su ita b le  macro­
phytes fo r  use in  temperate c lim ate  aquatic treatment systems designed 
to  t r e a t  primary e f f lu e n t  under greenhouse cond it ions . The system 
performance is  s im i la r  to  f lo a t in g  and emergent-based systems and 
advanced secondary e f f lu e n t  c r i t e r i a  can be achieved w ith  m o d if ica t ion  
o f summer and w in te r  opera tiona l parameters.
Table 11-12. Summary of TP Loading and Removal Rates in Various Aquatic Treatment Systems.























Eichornia crassipes 2° + 3° 240 0.87 0.49 56.7 54.0 3.7 1.6 Wolverton, 1979
3° 870 26.23 17.64 67.2 6 .0 11.0 3.6 Swett, 1979
2° + 3° - - 2 .00 ,0 .80b - - - . 3 .4 .4 .3 ° Lee and McKim, 1980
2° + 3° - - 1 .6 0 ,0 .60b - - - 4 .1 ,4 .6 ° Lee and McKim, 1980
3° - - 4.80 - - - 17.9 Dinges, 1979
3° - - 3 .60c - - - 7 .0C Stowel1 e t  a l . , 1981
3° - - 6 . 10c - - - 6 .9° Stowel1 et  a l . ,  1981
3° - - 1.20° - - - 6 . 7C Stowel1 et  a l . , 1981
3° - - 39.70 - - - 3.5 Swett, 1979
3° - - 1 .3 ,1 .5b - - - 4 .4 ,4 .5 ° Swett, 1979
3° - - 0.70 - - - 3.0 Stewart, 1979
3° 1220 6.80 1.23 18.18 0.6 5.5 4.5 Cornwel1 e t  a l . ,  1977
3° 1900 8.89 0.82 9.2 2.6 4.68 4.2 OeBusk et  a l . ,  1983
3° 1059 5.00 0.18 3.6 4.7 4.73 4.5 OeBusk e t  a l . , 1983
3° 300® 1.87 1.21 64.6 15.0 6.28 2.22 Tridech e t  a l . ,  1981
3° 756d 2.57e 3 .7 1 ,2.52b - 7.0 3.40 - Reddy & DeBusk, 1985
Scirpus sp. 3° 300® 1.82 0.93 51.5 15.0 6.11 2.96 Tridech e t  a l . ,  1981
P is t ia  s t ra t io tes  3° 756d 2 . 57e 2 .97 ,2 .05b - 7.0 3.40 - Reddy & OeBusk, 1985
Hydrocotyle umbellata 3° 756d 2 . 57e 2 .40 ,2 .65b - 7.0 3.40 - Reddy & DeBusk, 1985
Lemna minor 3° 588d 1 .91e 2 .3 4 ,2 .05b - 7.0 3.40 - Reddy & DeBusk, 1985
Spirodela polyrhiza 3° 588d 1.91e 1 .3 9 ,2 .48b 67 .0 ,70 .6 7.0 3.40 22 .8 ,2 .40° Reddy & OeBusk, 1985
Azolla caroliniana 3° 588d 1.91 1 .28 ,1 .35° - 7.0 3.40 - Reddy & DeBusk, 1985
Salvinia  ro tund ifo l ia  3° 588d 1.91e 2 .17 ,2 .03° - 7.0 3.40 - Reddy & DeBusk, 1985
Eqeria densa 3° 756d 2 . 57e 4 .1 0 ,2 .02 ° - 7.0 3.40 - Reddy & DeBusk, 1985
Elodea n u t t a l l i i  2° + 3° 259-518 0 .1 -2 .2 0.05-1 .1 20-50 3 .4 -4 .6 2 .0 -6 .0 1 .0 -3 .0 This study
aAssumes 2 m tanks.
°Summer, winter values.
cWinter values, TP produced from plant decomposition. 
dBatch systems.
discrepancies between reported loading and removal rates.
CHAPTER I I I
NITROGEN AND PHOSPHORUS BUDGETS IN 
AQUATIC MACROPHYTE-BASED AQUATIC TREATMENT SYSTEMS
Summary
Nitrogen and phosphorus budgets were determined fo r  p i lo t - s c a le  
reactors  con ta in ing  aquatic  macrophytes used in the treatment o f 
primary e f f lu e n t  wastewater. Budgets were conducted in the summer and 
w in te r  to  examine the e f fe c t  o f macrophyte p ro d u c t iv i ty  on n u t r ie n t  
removal. The reactors  received to ta l  n itrogen (TN) and to ta l  phos­
phorus (TP) loadings ty p ic a l  fo r  water hyacinth ( E ichornia c rass ipes) 
based systems (TN, 6 .5-9.1 kg-ha- 1 -d- 1 ; TP, 1.0-2.1 kg-ha- 1 -d- 1 ). 
N itrogen removal was p a r t i t io n e d  between ( i )  p la n t uptake, ( i i )  
d e t r i t a l  sedimentation, and ( i i i )  d e n i t r i f i c a t io n  and ammonia 
v o la t i l i z a t io n .  Phosphorus removal was p a r t i t io n e d  between ( i )  p la n t 
uptake, ( i i )  d e t r i t a l  sedimentation, and ( i i i )  p re c ip i ta t io n  and 
adsorption. N itrogen and phosphorus removals were seasonal; TN 
removal rates were t y p ic a l l y  0.08-4.31 kg-ha ^ d  1 and TP removal 
rates were t y p ic a l l y  0.29-0.99 kg-ha ^ d  During the summer, when 
macrophyte p ro d u c t iv i ty  was high, p la n t uptake accounted fo r  a 
s ig n i f i c a n t  p ropo rt ion  o f the n itrogen (28-56%) and the phosphorus 
(61-99%) removal. D e t r i t a l  sedimentation accounted fo r  a s ig n i f i c a n t  
p roport ion  o f  the n itrogen (>80%) and phosphorus (23-60%) removal when 
the macrophytes were much less productive  during the w in te r .  
D e n i t r i f i c a t io n  was always an important n itrogen removal mechanism
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(13-70%), regardless o f  season. P re c ip i ta t io n  and adsorption o f 
inorgan ic  phosphorus was an important phosphorus removal mechanism 
(39-69%) in  the w in te r .  These data in d ica te  th a t  p la n t n u t r ie n t  
uptake in  E. n u t t a l l i i  systems is  a more important n u t r ie n t  removal 
mechanism than in  hyacinth-based sytems. The data suggests th a t  
systems should be managed using p la n t harvest in  the summer, and 
sediment c o l le c t io n  in  the w in te r.
In tro d u c t io n
Aquatic macrophyte-based aquatic treatm ent systems have been used 
p r in c ip a l l y  in  t r e a t in g  secondary e f f lu e n t  wastewater (Boyd, 1970; 
1976; Stowel! e t a l . ,  1981). The n u t r ie n t  removal capac it ies  o f the 
macrophytes used in  aquatic  treatment systems, notably the water 
hyacinth ( E ichorn ia  c rass ipes) ,  have been stressed (Boyd, 1970; 1976). 
Recent studies w ith  aquatic  treatment systems have attempted to  d e te r­
mine the various removal mechanisms fo r  n itrogen  and phosphorus 
(DeBusk e t  a l . ,  1983; Reddy, 1983; Reddy and Tucker, 1985; Reddy e t 
a l . , 1982; Reddy and DeBusk, 1985b). While these s tud ies have shown 
th a t  p la n t n u t r ie n t  uptake, sedimentation, adsorp tion , and d e n i t r i f i ­
ca tion  are a l l  important mechanisms fo r  n u t r ie n t  removal; they have 
been conducted only on sub trop ica l systems used fo r  t re a t in g  secondary 
e f f lu e n t .  There have been no studies to  date using temperate c lim ate  
macrophytes involved in  t re a t in g  primary e f f lu e n t  wastewater.
As shown in  Figure 111-1 , the mechanisms which re s u l t  in  n itrogen 
removal from the system inc lude p la n t uptake and harvest, ^  evo lu tion  
re s u lt in g  from d e n i t r i f i c a t i o n ,  and ammonia v o la t i l i z a t io n .  D e t r i ta l  
s e t t l in g ,  which can be a s ig n i f i c a n t  mechanism in  removing n itrogen
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Figure I I 1-1. N itrogen and phosphorus removal mechanisms in  an 
aquatic  macrophyte-based aquatic treatment system. 
The model assumes th a t  seepage, in t ru s io n ,  and 
p re c ip i ta t io n  source or sinks are n e g l ig ib le .
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from the water column, can be considered a seasonal removal mechanism. 
The a c t i v i t y  o f sediment b ac te r ia  can p lay an important ro le  in  
n itrogen m in e ra l iz a t io n ,  n i t r i f i c a t i o n ,  and d e n i t r i f i c a t io n .  The 
a c t i v i t y  o f  these b a c te r ia  a f fe c t  the residence time and fa te  o f 
nitrogenous compounds which are transported to  the sediments. Ammonia 
v o la t i l i z a t io n  is  a s ig n i f i c a n t  removal mechanism when mixing is  high 
and the pH approaches the pK o f ammonia (9 .3 ) .  N9 f i x in g  bac te r ia
a  c.
which are associated w ith  aquatic macrophytes (Finke and Seeley, 1978; 
Zuberer, 1982) can act as a n itrogen source in  aquatic treatment 
systems p a r t i c u la r ly  i f  the macrophyte Azo lla  sp. is  cu ltu red . Be­
cause ammonium-nitrogen is  so abundant in  wastewater, i t  is  l i k e l y  
th a t  N2 f i x a t io n  would be repressed in aquatic treatment systems. 
Adsorption o f inorgan ic  n itrogen is  n e g l ig ib le  (Stowell e t a l . ,  1981).
The mechanism which re su lts  in  phosphorus removal from the system 
is  p la n t  uptake and harvest. D e t r i ta l  s e t t l in g  and inorgan ic  phos­
phorus p re c ip i ta t io n  and adsorption are important mechanisms fo r  
removing phosphorus from the water column and thus can be considered a 
seasonal removal mechanism. M icrob ia l a c t i v i t y  and adsorption 
e q u i l ib r ia  are important in  determining the residence time o f phos­
phorus in  the sediments. Macrophytes which form roots or rhizomes may 
derive  a s ig n i f i c a n t  p o r t ion  o f  t h e i r  phosphorus requirements from the 
sediment (Wetzel, 1983).
Techniques are a va ila b le  to  determine the r e la t iv e  co n tr ib u t io n s  
o f  p la n t uptake, d e n i t r i f i c a t i o n ,  and sedimentation to  n itrogen removal; 
and p la n t uptake, sedimentation, and adsorption to  phosphorus removal. 
The purpose o f th is  study was to id e n t i f y  and determine the magnitude
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o f the various n itrogen and phosphorus removal mechanisms operating in 
aquatic macrophyte-based aquatic treatment systems t re a t in g  primary 
e f f lu e n t  under temperate c lim ate  cond it ions .
M a te r ia ls  and Methods
P i lo t -s c a le  Aquatic Treatment Systems
A thorough d e s c r ip t io n  o f the systems is  provided in  Chapter I I .
B r ie f ly ,  Elodea n u t t a l1i i (P lanch.) St. John and Lemna mi nor were
obtained from the Old Durham Reservoir, Durham, NH. Myriophyllum
hete rophy l1 urn was obtained from Lake Winnipesaukee, Wolfeboro, NH.
The macrophytes were grown in  120 L tanks in a greenhouse a t the
Durham Wastewater Treatment F a c i l i t y .  The tanks (1 m surface area)
were well mixed w ith  d if fu se d  a i r .  A p la s t ic  mesh screen was used to
support the macrophytes in  the water column. Primary e f f lu e n t  was
pumped through the reactors  so th a t  hyd rau lic  residence times were
3.47 and 3.78 d (run 7 and 8 , re sp e c t iv e ly ) .  Macrophyte stocking
- 2
d ens it ies  were approximately 1.5 kg wet wt*m . Three con tro l 
reactors were used. Two were exposed to s u n lig h t and contained e i th e r  
phytoplankton or phytoplankton and photo troph ic  b io f i lm s  which adhered 
to  p la s t ic  aquaria p lan ts . The other was covered and contained 
he te ro troph ic  b io f i lm s  attached to  the p la s t ic  p lan ts .
N itrogen and phosphorus budgets were conducted on two separate 
occasions in the summer (run 6 ) and in  the w in te r  (run 7). Each run 
was seven days long and grab samples were co lle c te d  on days 1, 3, 5, 
and 7 from the primary e f f lu e n t  en te r ing  the reactors  as well as the 
water in  the reactors . The samples were stored u n f i l t e re d  according
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to standard methods (APHA, 1984) u n t i l  TN and TP analyses were con­
ducted (see Chapter I I ) .
Macrophyte P ro d u c t iv i ty
Net p ro d u c t iv i ty  was determined according to  the method o f Lapointe
and Ryther (1978). Approximately 4 days before and 4 days a f te r  each
run the wet weights o f the macrophytes in  each reac to r v/ere determined
by d ra in ing  over a screen fo r  3 min before they were weighed. The
- 2  -1change in  wet weights were converted to p ro d u c t iv i ty  (g dry wt*m -d ) 
a f t e r  dry weight analyses were conducted on randomly-selected samples 
from each reac to r. The dr ied  t issue  samples were then stored under 
des icca tion  fo r  n itrogen and phosphorus ana lys is .
D e t r i t a l  Production
D e t r i ta l  sedimentation was measured according to  the methods o f 
DeBusk e t a l .  (1983). Beakers (8 .5  cm diameter) were f i l l e d  w ith  d is ­
t i l l e d  deionized water and covered w ith  Parafilm . The beakers were 
then placed under the p la s t ic  support mesh. A f te r  the macrophytes 
were returned to  the reac to rs , the water was allowed to  s e t t le  and the 
covers removed. The beakers were then removed 15 d la te r  ( p r io r  to 
the second wet weight de te rm ina tion). Dry weight determ inations were 
then conducted on the contents o f each beaker. The d e t r i t a l  samples 
were augmented w ith  sediment samples. Dried samples were stored under 
des icca tion  u n t i l  ana lys is .
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TN and TP Analyses
Total n itrogen (TN) was determined on water samples and on macro­
phyte and sediment samples removed from the reactors  a t the end o f the 
runs using a modified a lk a l in e  p e rsu lfa te  d iges tion  technique (see 
Chapter I I ) .  During the d ig e s t io n , inorganic and organic n itrogen  are 
ox id ized  to  n i t r a te .  The Alpkem autoanalyzer copper-cadmiurn, su l-  
fa n i l im id e  reac tion  method was used to reduce the n i t r a te  to  n i t r i t e  
fo r  c o lo r im e tr ic  determ ination. Total phosphorus (TP) was measured 
using a modified acid p e rsu lfa te  d iges t ion  technique (see Chapter I I ) .  
Organic and inorgan ic  phosphorus are ox id ized and hydrolyzed to  o r tho ­
phosphate which is  measured c o lo r im e t r ic a l ly  using the ascorbic acid 
reduction method w ith  an Alpkem autoanalyzer.
Mass Balance C alcu la t ions
The amount o f  TN or TP removed in  each reac to r over the s ix
sampling days was ca lcu la ted  by tak ing  the d if fe rences  in  mass o f  N or
P between the in f lu e n t  and e f f lu e n t .  Those concentra tions were d e te r­
mined by:
[ 1 ]  mass^.n Qr = (concen tra t ion ) x ( f lo w ra te )  x ( t im e ) ,  or 
g = (mg*L  ^ x lg-1000 mg  ^x 1L-1000 ml ^) x
(ml*min  ^ x 1440 min-d ^ ) x ( 6d).
The amount o f TN or TP removed by p la n t uptake (p ro d u c t iv i t y )  or 
d e t r i t a l  s e t t l i n g  (p roduc tion ) over the s ix  sampling days was d e te r­
mined using the fo l lo w in g  equation:
[ 2 ]  mass removed = (p ro d u c t iv i ty /p ro d u c t io n )  x (surface  area) x
(N or P conten t) x ( t im e ) ,  or
-2  -1 2 -1 g = (g dry wt-m *d ) x (1 m ) x (mg*g dry wt ) x ( 6d).
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The mass o f  n itrogen lo s t  from the systems due to  d e n i t r i f i c a t i o n  and 
v o la t i l i z a t i o n ,  as w ell as the mass o f phosphorus p re c ip i ta te d  and 
absorbed were determined by d i f fe re n c e ,  as these are the only o ther 
s ig n i f i c a n t  removal mechanisms fo r  n itrogen and phosphorus, 
resp ec t ive ly .
Results
Table 111-1 a shows the ty p ic a l  TN and TP concentrations o f the 
primary e f f lu e n t  feeding in to  the reactors as well as th e i r  con­
ce n tra t ions  in  the reac to r water columns. Table I l l - l b  shows the 
ty p ic a l  TN and TP loading and removal rates fo r  the reactors during 
the two runs. Flow ra tes to  the reactors  were 24 and 22 ml*min  ^
during runs 6 and 7, re spec t ive ly .
Macrophyte P ro d u c t iv i t ie s  and N u tr ie n t Content
Table I I 1-2 l i s t s  the macrophyte p ro d u c t iv i t ie s ,  t issu e  n itrogen 
and phosphorus composition, d e t r i t a l  p roduction , and d e t r i tu s  n itrogen 
and phosphorus composition. The values fo r  the elemental composition 
o f  the samples were based on t r i p l i c a t e  determ inations fo r  each.
N u tr ie n t  Budgets
Tables 111-3 through 111- 6  are the n itrogen and phosphorus 
budgets fo r  each reac to r  during runs 6 and 7. The percent con­
t r ib u t io n s  by each removal mechanism were determined r e la t iv e  to  the 
amount removed. Occasiona lly , the sum of the co n tr ib u t io n s  o f each 
removal mechanism exceeded the amount removed from the system which 
probably re f le c ts  e rro rs  in  sampling and ana lys is . Such e rro rs  are
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Table 111-1 a. Ranges o f Average TN and TP Concentrations in  the
Primary E f f lu e n t  Feeding in to  the Reactors and in  the







Run 6 Run 7 Run 6 Run 7
Primary e f f lu e n t 18.90-19.97 27.66-28.93 4.51-4.86 6.38-6.82
Reactors 7.16-19.34 22.57-27.41 2.59-4.01 3.62-5.09
Average TN or TP values were obtained by tak ing  the average o f 4 d e te r­
minations from grab samples obtained on days 1, 3, 5, and 7 o f the 7 
day runs.
Table I l l - l b .  Ranges o f TN and TP Loading and Removal Rates During Runs 6 
and 7.
Rate Loading and Removal Rates
TN TP
(kg*ha  ^*d ^ ) (kg*ha ^*d
Run 6 Run 7 Run 6 Run 7
Loading 6.53-6.81 8.76-9.17 1.06-1.64 2.16-2.18
Removal 0.21-4.31 0.08-2.01 0.25-0.78 0.40-0.99
Table I I 1-2. Macrophyte P ro d u c tiv it ie s , D e tr ita l Production, and Elemental Composition.
Reactor Macrophyte Productivity Tissue Composition D etr ita l Production Detritus Composition
Number (g dry w t-nf2 -d_1) N ,P (g dry w t-n f^ d - 1 ) N P
(mg-g dry wt ±std. dev.) (mg*g dry wt ±std. dev.)
Run 6 (August 17-24, 1984)a
1 E. n u t ta l I i i  +3.800 56.01+ 4.29 23.48+1.59 +0.504 50.20+ 0.05 11.50+1.23
2 E. n u tta l1i i  +3.096 39.54+ 0.84 16.69+0.39 +1.522 33.40+ 3.48 7.23+0.29
3 E. n u t ta l l iT  +2.650 35.53+2.11 18.18+0.29 +1.111 48.35+12.65 12.69+1.54
4 L. minor +1.901 57.57+ 2.86 23.40+0.71 +0.789 52.30+ 5.44 5.50+0.59
5 M. heterophyllum +0.019 39.02+ 2.39 6.30+0.19 +2.420 36.92+ 3.65 6.69+0.05
6 M. heteroplryTTui -1.634 33.69+ 1.73 6.28+0.22 +2.850 33.94+ 3.67 5.25^0.09
Run 7 (November 27-December 3, 1984)a
1 E. nuttal I i i  +0.477 60.06+11.69 20.9U0.80  +2.538 36.00+ 3.82 9.33+0.69
2 E. n u t ta l I i i  +0.455 73.52+10.82 19.73+0.13 +4.185 25.53+ 0.00 4.57*0.02
3 E. n u t t a l i i i  +0.330 58.46+11.63 20.31+0.24 +2.412 46.75+ 0.00 10.33+0.25
4 M. heterophyllum +0.255 50 .00+0.44  12.29+0.38 +4.019 36 .21+0.23 8.47+0.29
5 M. heterophyllum +0.462 48.76+10.21 15.65+0.02 +3.108 35.12+ 0.65 6.35+0.87
7 L. minor +0.020 50.45± 1.14 27.7U1.01 +5.217 54.70±3.31 7.60±0.41
aDetention times, run 6 = 3.47 d, run 7 = 3.78 d.
Table I I 1-3. Nitrogen Budget fo r Run 6 (August 17-24, 1984).
Reactor
Number

















vo la t i l iz e d ,
g (%)
1 E. n u t t a l I i i 4.085 1.495 2.590 1.277 (49.3) 0.152 (5 .8 ) 1.160 (44.8)
2 E. n u t t a l I i i 4.085 1.485 2.600 0.724 (27.8) 0.305 (11.7) 1.570 (60 .4 )
3 E. n u t t a l l i i 4.085 2.289 1.796 0.564 (31.4) 0.322 (17.9) 0.910 (50 .6 )
4 L. minor 4.085 2.911 1.174 0.656 (55.8) 0.247 (21.0) 0.271 (23.1)
5 M. heterophyllum 4.141 2.592 1.549 0.004 (0 .3 ) 0.536 (34.6) 1.054 (68 .0 )
6 M. heterophyllum 4.141 2.239 1.902 (0 .0 ) 0.580 (30.5) 1.322 (69 .5 )
7 Light control3 4.141 4.010 0.131 ( -  ) ~ (  -  ) -  (  " )
10 Light control*1 3.919 2.579 1.340 ( -  ) -  ( " ) -  ( -  )
aSee Table 1.
bSee Table 2.
Table I I 1-4. Phosphorus Budget fo r  Run 6 (August 17-24, 1984).
Reactor
Number



















1 E. n u t ta l l i i 1.007 0.468 0.539 0.535 (99.3) 0.034 (6 .3 ) 0.00 (0 .0 )
2 E. n u t ta l l i i 1.007 0.537 0.470 0.310 (65.9) 0.066 (14.0) 0.09 (20.0)
3 E. n u t ta l l i i 1.007 0.674 0.333 0.289 (86.7) 0.084 (25.0) 0.00 (0 .0 )
4 L. minor 1.007 0.572 0.435 0.267 (61.3) 0.026 (5 .9 ) 0.142 (32.6)
5 M. heterophyllum 0.982 0.640 0.342 0.001 (0 .2 ) 0.097 (28.3) 0.244 (71.3)
6 M. heterophyllum 0.982 0.725 0.257 -  ( " ) 0.089 (34.6) 0.168 (65 .3 )
7 Light control3 0.982 0.831 0.151 -  ( -  ) -  ( -  ) -  ( -  )
10 Light control^ 0.935 0.719 0.216 -  ( -  ) -  ( -  ) -  (  -  )
aSee Table 1.
bSee Table 1.
Table I I 1-5. Nitrogen Budget fo r  Run 7 (November 27-December 3, 1984).
Reactor
Number

















v o la t i l ize d ,  
g (%)
1 E. n u t t a l l i i 5.519 4.699 0.820 0.172 (20.9) 0.548 (66.8) 0.100 (12 .2 )
2 E. n u t ta l l i i 5.519 4.306 1.213 0.200 (16.4) 0.641 (52.8) 0.372 (30.6)
3 E. n u t ta l l i i 5.519 4.586 0.933 0.124 (13.3) 0.676 (72.4) 0.133 (14.3)
4 M. heterophyllum 5.519 4.430 1.089 0.078 (7 .2 ) 0.873 (80.2) 0.138 (12 .6 )
5 M. heterophyllum 5.277 4.806 0.471 0.141 (29.9) 0.655 (139.1) -0.325 ( -  )
6 Dark control0 5.277 4.653 0.624 -  (  -  ) -  (  -  ) -  (  -  )
7 L. minor 5.277 5.229 0.048 0.006 (12.5) 1.712 (356.6) -1.670 (  -  )
8 Light control3 5.277 5.170 0.107 -  (  " ) -  (  -  ) -  (  " )
aSee Table 1.
cSee Table 1.
Table I I 1-6. Phosphorus Budget fo r  Run 7 (November 27-December 3, 1984).



















1 E. n u t ta l l i i 1.296 0.701 0.595 0.059 (9 .9 ) 0.142 (23.8) 0.394 (66 .3 )
2 E. n u t t a l l i i 1.296 0.791 0.505 0.053 (10.5) 0.114 (22.5) 0.338 (66.9)
3 E. n u t t a l l i i 1.296 0.751 0.545 0.040 (7 .3 ) 0.149 (27.3) 0.356 (65 .3 )
4 M. heterophyllum 1.296 0.802 0.494 0.018 (3 .6 ) 0.204 (41.2) 0.272 (55.0)
5 M. heterophyliurn 1.212 0.688 0.524 0.043 (8 .2 ) 0.118 (22 .5 ) 0.363 (69.2)
6 Dark control** 1.212 0.967 0.245 -  ( - ) -  ( -  ) -  ( “ )
7 L. minor 1.212 0.817 0.395 0.003 (0 .7 ) 0.237 (60.0) 0.155 (39 .3 )




common to  these stud ies (De Busk e t a l . ,  1983; Reddy, 1983; Reddy and 
Tucker, 1985; Reddy e t a l . ,  1982; Reddy and De Busk, 1985b).
Pi scussion
Aquatic macrophyte-based aquatic treatment systems are e f fe c t iv e  
in  removing n itrogen and phosphorus, p a r t i c u la r ly  in  sub -trop ica l 
c l im ates, when secondary e f f lu e n t  is  applied to  the systems. The 
re su lts  from th is  study suggest th a t  temperate climate-based aquatic 
treatment systems are s u ita b le  fo r  removing n u tr ie n ts  from primary 
e f f lu e n t  and th a t  p la n t uptake plays an important ro le  in  n u t r ie n t  
removal.
Wastewater Loading and Removal Rates
The concentra tions o f  TN and TP in  the primary e f f lu e n t  feeding 
in to  the reactors  were ty p ic a l  o f o ther municipal primary e f f lu e n ts .  
The TN and TP loadings compared favorab ly  w ith  ones from other studies 
(De Busk e t a l . ,  1983; Stowell e t  a l . ,  1981; Weber and Tchobanoglous; 
1985), though TN loadings were lower than those reported fo r  some 
hyacinth systems (Weber and Tchobanoglous, 1985a). The TN and TP 
removal rates compared favo rab ly  to  o ther aquatic  treatment systems 
(see Chapter I I ) .
Macrophyte P ro d u c t iv i t ie s
- 2  -1The p ro d u c t iv i t ie s  o f  the macrophytes (0 .02 -3 .8  g dry wt-m -d ) 
were lower than those reported fo r  macrophytes grown under n u t r ie n t -  
enriched, su b -tro p ica l cond it ions . Those p ro d u c t iv i t ie s  range from
2-50 g dry wt*m ^*d  ^ (Boyd, 1970 and 1976; De Busk e t a l . ,  1981 and
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1983; Reddy and De Busk, 1984b and 1985b; Reddy and Tucker, 1985;
Tucker and De Busk, 1981).
D e t r i ta l  Production
The d e t r i t a l  production in  the reactors used in  th is  study (0 .5 -5 .2  
- 2  -1g dry wt-m -d ) were s im i la r  to  ones reported by De Busk e t a l .
- 2  -1(1983) who observed values between 1.0 and 3.0 g dry wt*m *d . They 
observed a th re e - fo ld  increase in d e t r i t a l  sedimentation w ith  increas ing  
p la n t scenescence; p a r t i c u la r ly  in  ponds where harvesting was not 
conducted and die o f f  was rap id . In th is  study, the d e t r i t a l  produc­
t io n  increased by a fa c to r  o f 2.3 between peak p ro d u c t iv i ty  (August) 
and low p ro d u c t iv i ty  (December). D e t r i ta l  production may have in ­
creased because o f the g reater so lid s  loading in  December. The n i t r o ­
gen and phosphorus content o f the d e t r i t a l  sediments were s im i la r  to  
the macrophytes, p a r t i c u la r ly  in  the summer.
Removal Mechanisms
Table I I 1-7 shows the percent c o n tr ib u t io n  o f each n itrogen  and 
phosphorus removal mechanism to to ta l  removal fo r  aquatic macrophyte- 
based systems operating in  F lo r ida . In th is  study, the percent con­
t r ib u t io n s  by each removal mechanism were s im i la r  to  values reported 
in  the l i t e r a t u r e  (see Table 111-7) w ith  the fo l lo w in g  exceptions:
( i )  TP removal by p la n t uptake was h igher, e sp e c ia l ly  when pro­
d u c t i v i t ie s  were high, ( i i )  TN removal by d e t r i t a l  s e t t l in g  was h igher 
in  December, and ( i i i )  TP adsorption was higher in  December. D e n i t r i f i ­
ca tion  was important to  n itrogen removal regardless o f  the season.
When p ro d u c t iv i t ie s  were low, removals were o f fs e t  by n itrogen and 
phosphorus losses to  the sediments by d e t r i t a l  s e t t l in g .
Table I I I - 7 .  Nitrogen and Phosphorus Removal Mechanisms in Aquatic Macrophyte-Based Aquatic Treatment Systems.
System Macrophyte *  Mitroqen Removal Due To 





orus Removal Due To
D e tr ita l Adsorption
Sedimentation
Comment, Location Reference
Adv. 2“ Eichornia crassipes 41.0 1.0 - 1 2 0 1.0 - harvested. Fla. be Rusk e t a l . , 1983
Adv. 2° E. crassipes 4.0 1.0 56.0 9.0 1.0 1.0 non-harvested, Fla. De Busk e t a l . , 1983
Adv. 2° Hydrocotyle umbel la ta 67 .3 ,13 .0 8 .9 ,6 .2 23 .8 ,8 0 .8 64.5 - batch reactor, Fla. Reddy, 1983
Adv. 2° E. Crassipes3 41 .2 ,39 .3 8 .5 ,5 .9 46 .9 ,43 .3 28.6 7"4d batch reactor, Fla. Reddy, 1983Adv. 2° Typha sp. + Eqeria densa 43 .8 ,23 .8 8 .0 ,2 8 .5 4 8 .1 ,47 .6 4.4 5 5 .2d batch reactor, Fla. Reddy, 1983
Adv. 2° Phytoplankton3 4 .6 ,4 .3 20 .9 ,30 .9 53 .5 ,28 .9 3.4 87 .3d batch reactor, Fla. Reddy, 1983
Adv. 2° H. umbel la ta 93.8 - 34.8 31.1° semi-batch. Fla. Reddy & Tucker, 1985
Adv. 2° H. umbel la ta 46.5 27.4° 37.8 27 .5° semi-batch, Fla. Reddy & Tucker, 1985
Adv. 2° M. umbel la ta 27.4 h 6 c 43.9 14 .6d semi-batch, Fla. Reddy & Tucker, 1985Adv. 2° M. umbel la ta 11.4 2 .0 32.3 4 0 .9d semi-batch, Fla. Reddy & Tucker, 1985
Adv. 2° E. crassipes 19.0 - - 29.0 - - reservo irs . Fla. Reddy e t a l . , 1982
Adv. 2° E. densa 3.0 - - 3 .0 - - reservo irs , F la. Reddy e t a l . ,  1982
Adv. 2° Typha sp. 16.0 - - 9 .0 - - reservo irs , Fla. Reddy e t a l . , 1982
Adv. 2° Pnytoplankton 9.8 - - 7 .0 - - reservo irs , Fla. Reddy e t a l . ,  1982
Adv. 2° r * bE. crassipes 39 .0 ,46 .0 6 1 .0 ,5 4 .0 “: 65 .4 ,19 .4 3 4 .6 ,8 0 .6 ° semi-batch, Fla. Reddy & Oe Busk, 1985b
Adv. 2° P is tia  s tra tio te s 35 .7 ,59 .4 64 .3 ,40 .6 73.4,35 .1 2 6 .6 ,6 4 .9 ° semi-batch, Fla. Reddy & Oe Busk, 1985b
Adv. 2° H. umbel lata** 18 .0 ,47 .6 8 2 .0 ,5 2 .4 ° 35 .8 ,30 .5 64 .2 ,69 .5 ° semi-batch. Fla. Reddy & De Busk, 1985b
Adv. 2° Lemna minor*1 . 30 .8 ,15 .5 6 9 .2 ,8 4 .5 ° 37 .1 ,8 .7 62 .9 ,9 1 .3 d semi-batch, Fla. Reddy & Oe Busk, 1985b
Adv. 2° Spirodela polyrhiza 20 .4 ,38 .2 7 9 .6 ,6 1 .8 ° 24 .5 ,13 .7 75 .5 ,86 .3 semi-batch, Fla. Reddy & De Busk, 1985b
Adv. 2° Azolla caro lin iana . - - 2 5 .7 ,7 .4 7 4 .3 ,9 2 .6 ° semi-batch, Fla. Reddy & Oe Busk, 1985b
Adv. 2° S a lv in ia  ro tu n d ifo lia 46 .5,46 .1 5 3 .5 ,5 3 .9 ° 48 .3 ,1 5 .7 5 1 .7 ,8 4 .3 ° semi-batch, Fla. Reddy & De Busk, 1985b
Adv. 2° E. densa*1 21.5,75 .1 78 .5 ,24 .9 ° 11 .7 ,18 .8 8 8 .3 ,8 1 .2 ° semi-batch, Fla. Reddy & Oe Busk, 1985b
2° + 3° Elodea n u t a l l l i i 13 .0-49.0 5 .8 -80 .2 12 .2 -60 .4 7 .3 -99 .0 6 .3 -27 .3 0 .0 -6 6 .9 continuous, N.H. This study
^ h e re  two values are given, the f i r s t  indicates th a t macrophytes were grown in  the presence of NH^-N, the second indicates th a t the macrophytes were 
grown in the presence of o f NOj-N.
S/here two values are given, the f i r s t  indicates th a t the macrophytes were grown in  the summer, the second indicates th a t the macrophytes were 
grown in the w in ter.
“"Includes sedimentation and N2 and NHj losses from d e n it r if ic a t io n  and ammonia v o la t i l iz a t io n , respectively .
“^ Includes sedimentation and adsorption.
In conclus ion, the re su lts  from th is  study in d ica te  th a t  p la n t 
uptake plays an im portant ro le  in  n u t r ie n t  removal when p ro d u c t iv i t ie s  
are high w h ile  d e t r i t a l  sedimentation plays an important ro le  in  
n u t r ie n t  removal when p ro d u c t iv i t ie s  are low. Further, since 
d e n i t r i f i c a t i o n  appeared to  be a constant n itrogen removal mechanism 
regardless o f macrophyte p ro d u c t iv i ty ,  the management o f temperate 
c lim ate  systems should be optimized fo r  phosphorus removal by macro­
phyte harvesting in  the summer and sediment c o l le c t io n  in  the w in te r .  
Such p rac t ices  may improve the phosphorus removal p o te n t ia l  o f aquatic 
treatment systems.
CHAPTER IV
PRODUCTIVITY, AND NITROGEN AND PHOSPHORUS CONTENT OF 
MACROPHYTES USED IN AQUATIC TREATMENT SYSTEMS
Summary
Elodea n u t t a l1i i  was the most productive macrophyte grown under
temperate cond it ions  on primary e f f lu e n t  in  a combined secondary and
t e r t i a r y  aquatic treatment system. E. n u t t a l ! i i  was productive year-
- 2  -1round; p ro d u c t iv i t ie s  ranged from 0.5 to  4.5 g dry wt*m *d . The
-2  -1p ro d u c t iv i ty  o f Lemna mi nor was lower (up to  3.0 g dry wt*m *d ). 
Myriophyllum he te rophy l1 urn and Ceratophyl1 urn demersum e xh ib ited  low 
p ro d u c t iv i t ie s  and were fou led heav ily  w ith  filamentous green algae 
( Spiroq.yra sp .) .  P ro d u c t iv i t ie s  o f E. n u tta l  1 i i  and L. minor were 
maximal when maximum photon f lu x  d e n s it ie s ,  l i g h t  pe riod , and water 
temperatures were high. The to ta l  n itrogen (TN) and to ta l  phosphorus 
(TP) contents o f the macrophytes were s ig n i f i c a n t ly  h igher than the 
growth-1imi t in g  c r i t i c a l  concentrations estab lished fo r  a number o f 
aquatic macrophytes (TN, 13 mg*g dry wt TP, 1.3 mg*g dry wt ^).
The average TN and TP contents o f E. n u t t a l l i i  (52.63+11.79 mg*g dry 
wt  ^ and 17.70+3.27 mg*g dry wt \  re sp e c t ive ly )  and L. minor 
(54.0+5.03 mg*g dry wt  ^ and 25.56+3.04 mg-g dry wt \  re s p e c t ive ly )  
were high and in d ic a t iv e  o f  luxury uptake o f n itrogen and phosphorus. 
The TN content o f E. n u t t a l l i i  was co rre la ted  to the concentrations o f 
a va ila b le  n itrogen in  the reac to r water column. The TN and TP content 
was also re la ted  to  p ro d u c t iv i ty  when p ro d u c t iv i t ie s  were high which
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suggests th a t  N and P may have been m arg ina lly  l im i t i n g  when a l l  o ther 
growth cond it ions ( l i g h t ,  temperature, trace  n u t r ie n ts )  were optim al. 
The TN and TP content was high, however, when p ro d u c t iv i t ie s  were low 
which suggests th a t  o ther growth cond it ions  ( l i g h t ,  temperature) were 
l im i t in g  to  growth but not to  N and P t ra n sp o r t  and accumulation 
during the w in te r .  These data suggest th a t  while  the p ro d u c t iv i t ie s  
o f these temperate macrophytes are 2 to  3 times lower than sub trop ica l 
macrophytes, the h igher TN and TP content (by a fa c to r  o f 2 or 3) can 
o f fs e t  th is  and ind ica tes  th a t  temperate-growth macrophytes may be 
comparable in  t h e i r  n u t r ie n t  removal capac it ies .
In tro d u c t io n
The capacity  o f aquatic  macrophytes to  remove inorgan ic  n itrogen 
and phosphorus from wastewater has been demonstrated (Boyd, 1970; 
Harvey and Fox, 1973; Reddy and Tucker, 1985; Sutton and Ornes, 1975 
and 1977; Wolverton and McDonald, 1979), p a r t i c u la r ly  fo r  the f lo a t in g  
su b -tro p ica l macrophyte E ichorn ia  crassipes (Boyd, 1976; Boyd and 
V ickers, 1971; Cornwell e t a l . ,  1977; De Busk e t  a l . ,  1983). P lant 
uptake and p ro d u c t iv i ty  removes 40-60% of the n itrogen and 30-50% o f 
the phosphorus which is  applied to  aquatic treatment systems t re a t in g  
secondary e f f lu e n t  (De Busk e t a l . ,  1983; Reddy, 1983; Reddy e t a l . ,  
1982; Reddy and De Busk, 1985; Reddy and Tucker, 1985). N u tr ie n t 
removal by p la n t uptake is  an important treatment mechanism because 
n itrogen and phosphorus are concentrated in  the p la n t  t is su e  and th is  
can be removed from the waste stream by harvesting. The maintenance 
o f optimum standing crops (De Busk e t a l . ,  1981) by harvesting ensures
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th a t  p ro d u c t iv i ty  is  maximized (De Busk e t a l . ,  1981) on a seasonal 
basis and th a t  the n u t r ie n t  removal p o te n t ia l  is  optimal. The harvested 
biomass can then serve as an animal feed supplement, compost bu lk ing  
agent, s o i l  amendment, f e r t i l i z e r ,  or n u t r ie n t  supply in  anaerobic 
d iges t ion  (Reddy and Sutton, 1984).
High p ro d u c t iv i t ie s  have been reported fo r  a v a r ie ty  o f macro­
phytes grown in  secondary e f f lu e n t  (De Busk e t a l . ,  1983; Sutton and 
Ornes, 1975 and 1977) or under n u t r ie n t  enriched cond it ions (Tucker, 
1981; Tucker and De Busk, 1981; Boyd, 1976; De Busk e t a l . ,  1981;
Ryther e t a l . ,  1978; Reddy and De Busk, 1984). The p ro d u c t iv i t ie s ,
- 2  - l
which approach 50 g dry wt-m *d , are as high as those reported fo r  
a g r ic u l tu ra l  land crops (Bowes, 1985). Most studies have centered on 
the p ro d u c t iv i t ie s  o f  sub -trop ica l aquatic macrophytes grown in  F lo r ida . 
Aquatic p la n ts ,  p a r t i c u la r ly  submersed ones, s u f fe r  from mass t ra n s fe r  
re s t ra in ts  caused by low d i f f u s i v i t i e s  o f inorgan ic  carbon in  water 
(Raven, 1981). I t  is  thought, however, th a t  the high macrophyte 
p ro d u c t iv i t ie s  are, in  p a r t ,  a r e s u l t  o f the absence o f s t ru c tu ra l  
t issue  which land p lan ts  must synthesize. The importance o f photon 
fluence ra te  (PFR) o f p h o to syn th e t ica l ly  a c t ive  i r r a d ia t io n  (400- 
700 nm), water temperature, photoperiod, and n u t r ie n t  a v a i l a b i l i t y  to  
p ro d u c t iv i ty  has been emphasized (Bowes, 1984; Raven, 1981). Nitrogen 
and phosphorus are suggested to  be the most important g ro w th - l im it in g  
n u tr ie n ts  (Hutchinson, 1975), though potassium and trace elements may 
l i m i t  p ro d u c t iv i ty  as well (G e r lo f f ,  1975).
G e r lo f f  (1975) and G e r lo f f  and Krombholz (1966) have developed a 
technique which re la tes  the t issue  concentra tion  o f an element to  the 



















ELEMENT CONCENTRATION IN TISSUE
mg - g dry wt
Figure IV -1. P lo t o f p ro d u c t iv i ty  as i t  re la te s  to  a grow th-1imi t in g  
element concentra tion in  the macrophyte t issu e .
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re la t io n s h ip  e x is ts  between p ro d u c t iv i ty  and the concentra tion  o f an 
element in  the p la n t t is su e  i f  a l l  o ther n u tr ie n ts  and growth condi­
t io n s  ( l i g h t  and temperature) are a t optimal le ve ls .  Above a c r i t i c a l  
concen tra t ion , p ro d u c t iv i ty  does not increase, but the t issu e  con­
ce n tra t ion  does; a phenomenon termed " lu x u ry  consumption". The t issue  
concentra tion  o f an element usua lly  p o s i t iv e ly  co rre la te s  w ith  the 
concentra tion  o f th a t  element in  the growth media. C r i t i c a l  con­
cen tra t ions  o f TN (7 .5 -16 .0  mg*g dry wt and TP (0 .7 -1 .4  mg-g dry 
wt have been estab lished  fo r  a v a r ie ty  o f macrophytes (G e r lo f f ,
1975).
+ -  0 -  
Nitrogen (as NH^  and NO^) and phosphorus (as PO^  ) are
ass im ila ted  by both roots and shoots o f aquatic  macrophytes (Barko and
Smart, 1980; Hutchinson, 1975; Wetzel, 1983). Metabolic energy, in
terms o f the generation o f a trans-plasmalemma proton or e le c t r ic a l
3-g rad ien t,  is  required so th a t  NO^  and PO^  can be transported  v ia  
proton symports and NH  ^ by e le c t r i c a l l y  responsive uni ports  in  aquatic 
macrophytes (Raven, 1984). These t ra n sp o r t  systems e x h ib i t  r e la t iv e ly  
high a f f i n i t i e s  fo r  t h e i r  substrates (G e r lo f f ,  1975; Smith, 1978;
Simonis and Jeschke, 1972).
The purpose o f th is  study was to  determine the p ro d u c t iv i t ie s ,  
and n itrogen and phosphorus content o f  a v a r ie ty  o f temperate c lim ate  
macrophytes used to  t r e a t  primary e f f lu e n t  in  a combined secondary and 
t e r t i a r y  aquatic treatment system. The re s u lts  in d ic a te ,  in  terms o f 
n u t r ie n t  removal p o te n t ia l ,  th a t  the year round, but low, p ro d u c t iv i t ie s  
o f temperate c l im ate  macrophytes (compared to  sub trop ica l systems) are 
o f fs e t  by the high n itrogen and phosphorus content o f the macrophytes 
(compared to  sub trop ica l macrophytes) re s u l t in g  from luxury consump­
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t io n  o f  these elements. These data suggest th a t  macrophyte uptake can 
be a s ig n i f i c a n t  n u t r ie n t  removal mechanism in  temperate c lim ate  
aquatic treatment systems.
M ate r ia ls  and Methods
P ilo t -S ca le  Aquatic Treatment Systems
A thorough discussion o f  the aquatic treatment systems is  given
in Chapter I I .  B r ie f l y ,  Elodea n u t t a l1i i  (P lanch.) St. John, Lemna
mi nor L. , and Ceratophyl1 urn demersum L. were obtained from the Old
Durham Reservo ir, Durham, N.H. Myriophyllum he te rophy l1um Michx. was
obtained from Lake Winnipesaukee, Wolfeboro, N.H. The macrophytes
2
were grown in  120 L tanks ( 1 . 0 m  surface area) in  a greenhouse a t  the
Durham, N.H. Wastewater Treatment F a c i l i t y .  The tanks were well mixed
w ith  d if fu s e d  a i r ,  and various strengths o f primary e f f lu e n t  (10-100%)
were pumped to  the reactors  so th a t  hyd rau lic  residence times were
2.31-4.62 days. P la s t ic  mesh was used to  support the p la n t  materia l
in  the water column. Approximately 3-4 cm o f sediment was present in
- 2
the bottom o f the tanks. A standing crop o f 1.5 kg wet wt-m was
selected as a l i k e l y  optimum fo r  p ro d u c t iv i ty  (Lapointe and Ryther,
- 2
1978). Standing crops varied  between 0.1 and 5.2 kg wet wt*m , and
where poss ib le  standing crop were harvested back to  the 1.5 kg wet 
- 2wt*m le v e l .  Harvesting occurred every 2-4 weeks; no attempts were 
made to  optim ize p ro d u c t iv i ty  on a seasonal basis.
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Macrophyte P ro d u c t iv i ty
P ro d u c t iv i ty  was monitored fo r  almost 2 years. For the la s t  20 
out o f 23 months, the macrophytes were grown on 100% primary e f f lu e n t .  
P ro d u c t iv i ty  was determined by measuring the change in wet weight over 
time, and convert ing  the wet weights to  dry weights. Wet weights were 
measured by c o l le c t in g  the e n t i re  macrophyte contents o f the reac to r, 
d ra in ing  them fo r  3 min over a p la s t ic  screen, and then weighing them. 
Dry weights were determined by tak ing  wet-weighed samples, dry ing them 
fo r  72h a t 70°C, and reweighing. Some o f these samples were then 
stored under des icca tion  u n t i l  elemental analyses were conducted. 
Samples fo r  dry weight and elemental analyses were randomly co l le c te d . 
During one sampling (December 1984) samples were c o l le c te d  a t the 
w ate r 's  surface, deep in  the tank, or near the in f lu e n t  feed o f the 
reactor.
Sampling and Analysis
Measurements o f maximum noon-time photon f lu x  de ns ity ,  temper­
a tu re , and p h o to syn th e t ica l ly -d e r ive d  d isso lved oxygen values were 
conducted fo r  a d i f f e r e n t  study (see Chapter V I ) ;  nevertheless the 
data were accurate in  r e la t in g  p ro d u c t iv i ty  (as photosynthe tic  oxygen 
e vo lu t io n )  to growth cond it ions . L igh t leve ls  (PFR) a t the reac to r 
surfaces were measured w ith  a L i-Cor 185-S quantum photometer. 
Dissolved oxygen was measured w ith  a YSI-57 d isso lved oxygen meter and 
O2 probe. Temperature was measured w ith  an ASTM thermometer. Water 
samples fo r  n u t r ie n t  analyses were co l le c te d  on three separate 
occasions (June, August, December 1984). One l i t e r  grab samples were
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co lle c ted  from the reactors  and head tanks every o ther day (a to ta l  o f 
4 sampling days) over a seven day period fo r  each o f the sampling 
runs. Samples were co l le c te d  by siphon. They were returned immediate­
ly  to  the labo ra to ry  fo r  p reserva tion  (see Chapter I I )  according to  
standard methods (APHA, 1984). Ammonia n itrogen was determined im­
mediately w ith  an io n -s p e c i f ic  e lec trode (Orion Corp. , Cambridge, 
Massachusetts) according to  standard methods (APHA, 1984). N it ra te  
plus n i t r i t e  was determined using the s u l f a n i1imide co lo r  reac tion  and 
copper-plated cadmium" reduction method developed fo r  the Alpkem Auto­
analyzer (Technicon). Samples were f i l t e r e d  (0.45 pm) before analyses. 
Orthophosphate was determined using the ascorbic acid reduction method 
developed fo r  the Alpkem Autoanalyzer (Technicon).
Macrophyte Tissue TN and TP
Dried t issue  samples were pu lve r ized  w ith  a mortar and pes tle . 
Tissue TN was determined using a modified a lk a l in e  p e rsu lfa te  oxida­
t io n  technique (see Chapter I I )  which ox id izes a l l  organic and inorgan ic
n itrogen to  n i t r a te .  Each sample was analyzed in  d up lica te . Tissue
TP was determined using a modified acid p e rsu lfa te  ox ida t ion  technique 
(see Chapter I I ) .  Organic and inorgan ic  phosphorus was ox id ized and 
hydrolyzed to  orthophosphate. Each sample was analyzed in  dup lica te .
Results
Table IV -1 shows the ty p ic a l  ranges o f co n s t itu en ts  in  the primary 
e f f lu e n t  feeding in to  the reactors  as well as th e i r  concentrations in 
the reactors. While these data were compiled during the f i r s t  year o f
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Table IV -1. C h a ra c te r is t ic s  o f the primary e f f lu e n t  and o f the water 
in  the reactors.
C onstituen t Primary E f f lu e n t3 Reactors
Temp (°C) 11.0 - 26..5 10.0 -■ 29.5
pH 6.4 - 8..1 6.1 •• 9.6
A lk a l i n i t y ,  as CaCO  ^ (mg/2) 80 - 214 12 -• 144
DO (mg/2) 0.2 - 3..1 0.5 -• 15.5
BODg (mg/2) 91.8 - 142.,5 26.5 -■ 68.5
NH4+-N (mg/2) 10.1 - 27. 2 0.3 -■ 25.9
no2- n + no3" - n (mg/2) 0.0 - 0.,08 0.0 -■ 7.1
Total N (mg/2) 13.4 - 29..9 3.3 -■ 27.1
P043-P (mg/2) 1.3 - 3. 4 1.2 -■ 2.8
Total P (mg/2) 2.7 - 6. 9 2.5 -• 5.1
aValues are ranges observed in  a ye a r 's  worth o f sampling (see Chapter 
I I ) .
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the two year p ro d u c t iv i ty  s tu d ies , they do r e f le c t  the water q u a l i ty  
c h a ra c te r is t ic s  o f the primary e f f lu e n t  and the water to  which the 
macrophytes were exposed.
P ro d u c t iv i t ie s
Figure IV-2 shows the e f fe c t  o f  season on p ro d u c t iv i ty  (as in d i ­
cated by the maximum DO value derived from photosynthe tic  oxygen 
e v o lu t io n ) .  The parameters measured were photo f lu x  de ns ity ,  water 
temperature, and l i g h t  period. The DO le v e ls ,  which correspond to  
r e la t iv e  photosynthe tic  rates (Van e t a l . ,  1977), c o r re la te  w ith  the 
measured seasonal parameters. Figure IV -3 shows the p ro d u c t iv i ty  o f 
the macrophytes as a fu n c t io n  o f season. M yriophyl1 urn he te rophy l1 urn 
and Ceratophyl1 urn demersum became heav ily  fou led w ith  fi lamentous 
green algae ( Spirogyra s p .) so th a t  d ie - o f f  ra p id ly  occurred. The 
p ro d u c t iv i t ie s  a t t r ib u te d  to  the two macrophytes was la rg e ly  due to 
the growth o f the filamentous algae. Elodea n u t ta l1i i and Lemna mi nor 
did not s u f fe r  from th is  nuisance fo u l in g .
Tables IV-2 through IV-4 show the TN and TP content o f  the macro­
phytes in  June, August, and December o f 1984. Corresponding pro­
d u c t iv i t ie s  and a va i la b le  n itrogen  (as NH^- and NO^-N) and a va ila b le
3 -
phosphorus (as PO^  -P) in  the reactors  are shown fo r  the time periods 
bracketing the macrophyte sampling and p ro d u c t iv i ty  determ inations.
The n itrogen to  phosphorus r a t io  (TN/TP) o f the macrophytes are also 
shown.
Figures IV-4a and IV-4b re la te  the t issu e  TN and TP content in 
Elodea n u t ta l1i i  to  the concentra tion  o f a va ila b le  n itrogen  and phos­
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Figure IV-2. The e f fe c t  o f  PFR, water temperature, and l i g h t  period 
on maximum noon-time d isso lved oxygen le ve ls  re s u lt in g  
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TIME
The e f fe c t  o f season on macrophyte p ro d u c t iv i ty .  The 
arrow ind ica tes  when f u l l  s trength  primary e f f lu e n t  
was added to  the reactors.
Table IV-2. Macrophyte P ro du c tiv ity , N and P Content, N:P, and Availab le  [N ] and [P ] fo r  June, 1984.




1 E. n u t t a l l i i +1.62 38.31+1.98 12.47+2.11 3.07 13.27,2.99 2.27,1.89
2 E. n u t ta l l i i +1.97 39.84+2.93 14.36+0.99 2.77 13.27,4.36 2.27,2.18
3 E. n u t ta l l i i +1.40 36.23+5.42 10.55+1.12 3.43 13.27,6.87 2.27,2.36
4 M. heterophyllum -1.35 30.41+3.19 6.89+1.88 4.41 13.42,6.28 2.27,2.49
5 M. heterophyl!urn -0.15 27.21+4.13 5.18+0.47 5.25 13.42,6.80 2.27,2.74
6 M. heterophyllum -0.35 28.35+5.25 5.99+1.25 4.73 13.42,5.62 2.27,2 .38
aAs NO^ -  and NH^-N; values are means of 4 samples taken every other day. The f i r s t  value is for the in fluent,  
the second is the water column value.
L ^
As PO^  -P, values are means of 4 samples taken every other day. The f i r s t  value is for the in fluent,  
the second is the water column value.
Table IV-3. Macrophyte P ro d u c tiv ity , N and P Content, N:P, and Availab le  [N ] and [P ] fo r  August, 1984.




1 E. n u t t a l l i i +3.80 56.01+4.29 23.49+1.59 2.38 18.25,4.53 3.07,1.31
2 E. n u t ta l l i i +3.10 39.54+0.84 16.69+0.40 2.36 18.25,4.72 3.07,1.51
3 E. n u t t a l l i i +2.65 35.53+2.11 18.18+0.30 1.95 18.25,9.46 3.07,2.72
4 L. minor +1.90 57.57+2.86 23.41+0.71 2.46 18.25,9.99 3.07,1.86
5 M. heterophyllum +0.02 39.03+2.39 6.30+0.19 6.19 18.29,9.70 3.29,2.18
6 M. heterophyllum -1.63 33.69+1.73 6.28+0.23 5.36 18.29,7.02 3.29,1.88
aAs NOj- andNH^-N; values are means of 4 samples taken every other day. The f i r s t  value is for the in fluent,  
the second is the water column value.
L ^
As PO^  -P; values are means of 4 samples taken every other day. The f i r s t  value is for the in f luen t, the 
second is the water column value.
Table IV-4. Macrophyte P ro du c tiv ity , N and P Content, N:P, and Availab le [N] and [P ] fo r  Dec" '-er, 1984.
Reactors Macrophyte Productivity TN TP TNTP Available Nutrients-2 -1 g dry wt-m -d mg-g dry wt [N]a [P]b
mg- L '1
1 E. n u t t a l l i i  . 
E. n u t t a l l i i
+0.48 60.06±11.69 20.9210.80 2.87 28.72,15.87 3.39,2.50
61.0613.47 19.0410.25 3.20
E. n u t ta l l i i 56.2614.15 18.1710.77 3.10
2 E. n u t ta l l i i . ,  
f . n u t t i r n r
+0.46 73.52110.83 19.7310.14 3.72 28.72,15.78 3.39,1.78
51.5814.57 18.7710.06 2.74
E. n u t ta l l i i^ 58.4916.21 17.1710.20 3.40
3 E. n u t t a l l i i .  
E. n u t ta l l i i  
E. n u t ta l l i i






























L. minor +0.22 50.4511.14 27.7111.02 1.82 29.23,25.72 2.57,2.31
aAs NOj- and NH^-N; values are means of 4 samples taken every other day. The f i r s t  value is for the in fluent,  
the second is the water column value.
K o »
As P04 -P; values are means of 4 samples taken every other day. The f i r s t  value is for the in fluent, the 
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Figure IV-4. (a and b) TN and TP content in  Elodea n u t ta l1i i  as a func tion  of' a va ilab le  n itrogen and 
phosphorus, (c and d) TN and TP content in  E. n u t t a l l i i  as a func t ion  o f 
p ro d u c t iv i ty .  The closed c i r c le s  are samples when p ro d u c t iv i t ie s  were high (June, 
August), the open c i r c le s  are when p ro d u c t iv i t ie s  were low (December).
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c o r re la t io n  was present between t issu e  TP and a va ila b le  phosphorus.
The TN and TP content was co rre la te d  to  p ro d u c t iv i ty  when p ro d u c t iv i t ie s  
were high in  June and August (c losed c i r c le s  in  Figure IV-4c and 
IV -4d); however, the TN and TP content was also high when p ro d u c t iv i t ie s  
were low in  December (open c i r c le s ) .
Discussion
This study ind ica tes  th a t  luxury uptake o f n itrogen and phos­
phorus occurred in  Elodea n u t ta l  1 i i and Lenina mi nor when these macro­
phytes were grown on primary e f f lu e n t .  While the p ro d u c t iv i t ie s  o f 
these temperate-grown macrophytes were less than values reported fo r  
t ro p ic a l  macrophytes, t h e i r  high TN and TP content ind ica te  th a t  they 
are s t i l l  su ita b le  fo r  n u t r ie n t  removal in  aquatic  treatment systems.
Seasonal E ffec ts
The n u t r ie n t  concentra tions in  the primary e f f lu e n t  and in  the 
reac to r water columns were high (Table IV -1) and s im i la r  in  s trength  
to  modified Hoagland's so lu t ions  used fo r  macrophyte n u t r ie n t  cu ltu re  
experiments (G e r lo f f  and Krombholz, 1966). These data ind ica te  th a t  
primary e f f lu e n t  is  an appropria te  enrichment media fo r  aquatic macro­
phytes provided th a t  de ten tion  times are long (>2 days) and nuisance 
algae are incapable o f growth. The seasonal changes in photon f lu x  
d ens ity , l i g h t  period , and temperature co rre la te d  w ith  peak photo­
syn th e t ic  oxygen evo lu t io n  concentrations (F igure IV-2) which 
ind ica tes  th a t  these parameters may be a c o n s tra in t  to  macrophyte 
p ro d u c t iv i ty  in  temperate c lim ates. The p ro d u c t iv i t ie s  e xh ib ite d  by
Elodea n u t t a l1i i and Lemna mi nor were lower than values reported fo r  
submerged and f lo a t in g  sub trop ica l macrophytes grown in sub trop ica l 
regions (see Table IV -5 ). Year-round net p o s i t iv e  p ro d u c t iv i te s  were 
obtained fo r  E. n u t t a l l i i  and L. minor which ind ica tes  th a t  temperate 
c l im ate  macrophytes are b e t te r  su ited  to  cu ltu re  in  temperate c limates 
than are sub trop ica l macrophytes (such as E ichorn ia  c rass ipes) which 
can e x h ib i t  w in te r  d ie -o f f .  The morphological changes observed by 
Kunii (1981) in  the w in te r  growth o f E. n u t t a l l i i  in  Japan were not 
observed in th is  study. Recent research (Best, 1977; De Busk e t a l . ,  
1981; Ryther e t a l . ,  1978) suggests th a t  l i g h t  and temperature growth 
optima fo r  Elodea sp. and L. minor are h igher than the maximum values 
observed in  th is  study. White and Bishop (1984) have also shown th a t  
E. n u t t a l l i i  p ro d u c t iv i ty  is  high when temperature and n u t r ie n t  con­
cen tra t ions  are high when the macrophyte is  grown in  batch c u ltu re  on 
d i lu te  primary e f f lu e n t .  Elodea sp. have been reported to  th r iv e  
under f e r t i l e  cond it ions  w h ile  Myriophyllum sp. and Ceratophyl1 urn sp. 
become ep iphytized  (M u ll igan and Baranowski, 1969; Mulligan e t  a l . ,
1976). In th is  study, both Myriophyllum he te rophy l1 urn and 
Ceratophyllum demersum were fou led by Spirogyra sp. The p o te n t ia l  
advantages o f growing E. n u t t a l l i i  in  a temperate c lim a te  aquatic 
treatment system are ( i )  th a t  E. n u t t a l l i i  is  co ld adapted (K u n i i ,  
1981); ( i i )  th a t  i t  is  capable o f year round growth, and ( i i i )  th a t  i t  
regulates or out competes filamentous green algae which p r o l i f e r a te  
under f e r t i l e  cond it ions .
Table IV -5 . Some Macrophyte P roductiv ities .
Macrophyte P roduc tiv ity
-2 -1 g dry wt-m *d
Comment, Location Reference
Eichornia crassipes 10-32 N u trien t enriched, Fla. Tucker and De Busk, 1981
10-32 N u trien t enriched, Fla. Tucker, 1981
14.6 N u trien t enriched, Ala. Boyd, 1976
4-38 N u trien t enriched, Fla. De Busk e t a l . , 1981
24-56 N u trien t enriched, Fla. De Busk e t a l . ,  1981
2-17 Growth on secondary e ff lu e n t, Fla. De Busk e t a l . ,  1983
3-52 N u trien t enriched, Fla. Reddy and De Busk, 1984
4-34.0 N u trien t enriched, Fla. Ryther e t a l . , 1978
Elodea canadensis 2.3-27.1 N utrients from sediments, greenhouse grown, Miss. Best, 1977
0-2.7 Lake, A lbe rta , Canada Haag and Gorham, 1977
1-59.0 Lake rece iv ing thermal e ff lu e n t, A lberta , Canada Haag and Gorham, 1977
1.1-2.7 Mountain lake, A ustria
High N leve ls  (up to 40 mg-1 ) increase y ie ld  and
Unni, 1983 1.0
Hydrocotyle umbel la ta 5-16 Reddy and Tucker, 1985 °
N+P content, Fla.
2-18 N u trien t enriched, Fla. Reddy and De Busk, 1984
P is t ia  s tra tio te s 7-28 N u trien t enriched, Fla. Reddy and De Busk, 1984
6-30 N u trien t enriched, Fla. Tucker and De Busk, 1981
H y d rilla  v e r t ic i l la ta 1-10 N u trien t enriched, Fla. De Busk e t a l . , 1981
0-14 N u trien t enriched, Fla. Ryther e t a l . , 1978
Lemna minor 1-7.0 N u trien t enriched, Fla. De Busk e t a l . ,  1981
1.3 Growth on secondary e ff lu e n t, Fla. Sutton and Ornes, 1975
0.1-7.0 N u trien t enriched, Fla. Ryther e t a l . ,  1978
Spirodela po lyrh iza 1.9 Growth on secondary e ff lu e n t, Fla. Sutton and Ornes, 1977
0 .5-3 .2 N u trien t enriched, Fla. Ryther e t a l . ,  1978
Ju s tic ia  americana 31.1 See reference Boyd, 1976
Tvpha la t i f o l ia 52.6 See reference Boyd, 1976
Alternanthera philoxero ides 17.0 See reference Boyd, 1976
Myriophyllum spicatum 1.4 Mountain lake, Austria Unni, 1977
Elodea n u t t a l l i i 0 .5-4 .5 N u trien t enriched (1° e ff lu e n t) ,  N.H. This study
Tissue TN and TP
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The average TN and TP content o f Elodea n u t t a l l i i  (5 2 .63±11.79 
mg-g dry wt  ^ and 17.70±3.27 mg-g dry wt \  re sp e c t ive ly )  and Lemna 
mi nor (54 .0 l5 .03  mg-g dry wt and 25. 5613.04 mg-g dry wt \  
re s p e c t ive ly )  were s ig n i f i c a n t ly  h igher than the c r i t i c a l  concentra­
t io n  reported by G e r lo f f  (1975) and G e r lo f f  and Krombholz (1966) fo r  a 
v a r ie ty  o f aquatic macrophytes (TN, 13 mg-g dry wt TP, 1.3 mg-g dry 
wt ^). This is  in d ic a t iv e  o f luxury uptake o f n itrogen and phosphorus 
by the two macrophytes (Hutchinson, 1975). The TN and TP concentra­
t io n s  in  both E. n u t t a l l i i  and L. minor were s ig n i f i c a n t ly  h igher than 
values reported fo r  a number o f aquatic  macrophytes grown under enriched 
cond it ions (p<0.05) as l is t e d  in  Table IV -6 , and s ig n i f i c a n t ly  h igher 
than values reported fo r  aquatic macrophytes grown under less f e r t i l e  
cond it ions in  lakes (p<0.05) as discussed by Hutchinson (1975). The 
TN/TP ra t io s  in  the macrophytes used in  th is  study were a lso q u ite  
low, which is  also in d ic a t iv e  o f luxury  phosphorus uptake. The average 
TN and TP content in  Myriophyllum he te rophy l1um (39.98±10.37 mg-g dry 
wt and 9.20±3.99 mg-g dry wt \  re sp e c t iv e ly )  was high, but not 
s ig n i f i c a n t ly  g rea ter than values reported fo r  macrophytes grown under 
enriched cond it ions (see Table IV -6 ).
A number o f s tud ies have shown th a t  t is su e  TN and TP content 
increases w ith  increas ing n u t r ie n t  a v a i l a b i l i t y  (Adams e t a l . ,  1971, 
G e r lo f f  and Krombholz, 1966; Reddy and Tucker, 1985; Ryan e t a l . ,
1972; Tucker, 1981). The TN content o f Elodea n u t ta l1i i  d id  co rre la te  
w ith  the a va ila b le  n itrogen concentra tion  (F ig . IV -4a); however the TP 
content d id  not c o r re la te  w ith  a va ila b le  phosphorus (F ig . IV-4b).
Table IV -6 . Macrophyte N and P Content; N :P, and C oncentrations o f N and P in  the  Waters Where They Grow.
Macrophyte TN Content 
mg-g dry wt 3
TP Content 







Eichornia crassipes 11.5 4.1 2 .8 21.8 6.28 Tridech et  a l . ,  1981
23.9 5.4 4.4 Boyd and Vickers, 1971
29.5 3.5 8.4 0.5 0.004 Musil and Breen, 1977
26.4 4.3 6.1 Boyd, 1970
27.2 7.9 3.4 De Busk e t  a l . ,  1983
25.8 7.0 3.6 De Busk et  a l . ,  1983
22.7 6 .8 3.3 De Busk et  a l . ,  1983
19.1 6.7 2 .8 De Busk et  a l . , 1983
153 5 5  * 2 .8 De Busk et  a l . , 1983
30 .5 ,35 .3 ! 5 .8 ,6 .8 a 5 .3 ,5 .2 Reddy and De Busk, 1985
Elodea canadensis 17 .3-20 .3a 5 .7 -8 .0 3 .0 ,2 .5 0-1.5 0.005-0.50 Mulligan and Baranowski, 1969
39.5 10.8 3.7 8.58 2.00 Peverly, 1985
40.5 6 .8 6 .0 3.67 1.92 Peverly, 1985
17.68 5.76 3.0 21.8 6.28 Tridech e t  a l . , 1981
22-30 h 4-6 . 5 .0 -5 .5 Pokorny et  a l . , 1984
43 .8 ,40 .4° 10 .3,12 .5° 4 .3 ,3 .2 26,23° 5 -3c Ryan e t  a l . , 197245 .2 ,41 .1° 25 .7 ,12 .8° 1 . 8 , 3 .2 23,22 4,4° Ryan et  a l . ,  1972
18.6 ,21.3 5 .5 ,6 .5 3 .4 ,3 .3 0.5 - Ryan et  a l . ,  1972
21.0-28.6 1 .4 -2 .4 11.9-17.0 Ger lo ff  and Krumbholz, 1966
41.0 5.8 7.1 Rawlence and Whitton, 1977
17.0 2.7 6.3 Rawlence and Whitton, 1977
19.0 2.7 7.0 Rawlence and Whitton, 1977
30 4.0 7.5 Adams et  a l . ,  1971
29 6 .0 4.8 Adams et  a l . ,  1971
30 9.0 3.3 Adams et  a l . ,  1971
Elodea n u t t a l l i i 35 .0-73.0 10 .5 -2 2 .5a 1 .9 -3 .7 3-16 1.5 -2 .5 This study
Egeria densa 3 5 .6 ,4 0 .3a 13 .7 ,12 .a 2 .6 ,3 .1 Reddy and De Busk, 1985
V al l is n er ia  americana 19 .8 -38 .5a 3 .7 -4 .2 5.3-9.1 Ger lo ff  and Krumbholz, 1966
H yd ri l la  v e r t i c i l  la ta 10.0-65.0 1.5-13.0 5.0-10 .0 0.1 -12 .3 0.09-1 .0 Barko, 1982
lemna minor 39.9 8.4 4.8 8.52 2.00 Peverly, 1985
46.0 6.5 7.0 3.67 1.92 Peverly, 1985
8.28 4.35 1.9 21.8 6.28 Tridech et  a l . ,  1981
51.2,54.1 15.2,14.2 3 .4 ,3 . 8 Reddy and De Busk, 1985
Myriophyllum sp. 21 .5-29.9 2.6-4.1 7 .3 -8 .3 0-1.5 0.005-0.50 Mulligan and Baranowski, 1969
40 .9 ,2 7 .9b 18 .0 ,6 .7b 2 .3 ,4 .2 26,23° 5,3° Ryan et  a l . ,  1972
44.4 b 18.4 2.4 23,22° 4,4° Ryan et  a l . , 1972
26.8,21.0? 5 . 1 , 5 . l b 5.3 ,4 .1 0.5 - Ryan et  a l . ,  1972
24.3-27 .7° 3.5-4.1 6 .6 -7 .5 Gerlo ff and Krumbholz, 1966
Hvdrocotyle umbellata 24.0 4.0 6 .0 1 3.1 Reddy and Tucker, 1985
31.0 9.0 3.4 5 3.1 Reddy and Tucker, 1985
38.0 9.5 4.0 10 3.1 Reddy and Tucker, 1985
41.0 10.0 4.0 20 3.1 Reddy and Tucker, 1985
42.0 9.5 4.4 40 3.1 Reddy and Tucker, 1985
42.4,45.1 10 .5 ,9 .9 4 .0 ,4 .6 Reddy and De Busk, 1985
P is t ia  s t ra t io tes 36.2,40 .3 8 . 0 , 11.2 4 .5 ,3 .6 Reddy and De Busk, 1985
Spirodela polyrhiza 48 .6 ,51 .8 11.0,13.1 4 .4 ,4 .0 Reddy and De Busk, 1985
aSummer, win ter values. 
b1967, 1968 values.
"■Concentrations indicate maximum values observed.
99
Phosphorus may not have co rre la te d  because the a va ila b le  phosphorus 
concentrations were much h igher than concentrations required fo r
- 1 o _
saturated uptake k in e t ic s  (0 .3  mg-L o f PO^  -P) fo r  E. n u t t a l l i i  
(G e r lo f f ,  1975). A more l in e a r  re la t io n s h ip  between TP content and 
external a va ila b le  phosphorus may have been obtained a t  lower phos­
phorus concentra tions. Best and Mantai (1978) have shown th a t  the 
ava ilab le  phosphorus a f fe c ts  the TN content o f Ceratophyl1 urn demersum 
and Reddy and Tucker (1985) have shown th a t  a va ila b le  n itrogen a f fe c ts  
the TP content in  Hydrocotyle umbellata. This in te r r e la t io n  may also 
expla in  the lack o f c o r re la t io n  w ith  phosphorus, p a r t i c u la r ly  i f  the 
concentration o f a va ila b le  n itrogen was va r ia b le .
A re la t io n s h ip  between TN and TP content and p ro d u c t iv i ty  was 
observed in  Elodea n u t t a l1i i  when the macrophyte was productive  
(Figures IV-4c and IV-4d). The shape o f the curves are s im i la r  to  
ones reported by G e r lo f f  and Krombholz (1966) and by Reddy and Tucker 
(1985). The data suggests th a t  even though the TN and TP content in  
E. n u t t a l l i i  was much h igher than the c r i t i c a l  concen tra t ions, these 
elements may have been m arg ina lly  l im i t i n g  when growth cond it ions  were 
optimal in  June and August. The TN and TP content was s t i l l  h igh, 
however, when the macrophytes were much less productive  in  December, 
which ind ica tes  th a t  cond it ions  other than the a v a i l a b i l i t y  o f n i t r o ­
gen and phosphorus were l im i t i n g  to  p ro d u c t iv i ty  a t th a t  time. Both 
photon f lu x  dens ity  and temperature (see Figure IV-2) were probably 
growth l im i t in g .  The high TN and TP concentrations in  the December 
samples is  in d ic a t iv e  o f luxury  uptake which suggests th a t  ( i )  meta­
b o l ic  energy fo r  n itrogen  and phosphorus t ra n sp o r t  was a va ila b le  in  
the w in te r ,  but not as re a d i ly  as in  the summer, or ( i i )  the number o f
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t ra n sp o r t  s i te s  (o r  t ra n sp o r te r  dens ity )  fo r  NH^, N03 , and PO^  
changes on a seasonal basis. These substrates are transported  across 
the plasmalemma by p ro te in  c a r r ie rs  which requ ire  metabolic energy to 
conduct t ra n sp o r t  (Raven, 1984). Perhaps, in  the summer when carbon 
requirements are h igh, some o f the metabolic energy which had been 
devoted to  n itrogen and phosphorus tra n sp o rt  in  the w in te r  is  then 
shared w ith  carbon t ra n sp o r t  systems in  the summer. Aquatic macro­
phytes have been shown to  vary the capacity  fo r  carbon tra n s p o r t  and 
f ix a t io n  on a seasonal basis (Bowes, 1984).
These data suggest th a t  l i g h t ,  temperature, and poss ib ly  in ­
organic carbon (Raven, 1981) are growth l im i t i n g  to  Elodea n u t t a l l i i  
when grown in  primary e f f lu e n t .  Nitrogen and phosphorus were present 
in  a l l  the macrophytes in  high concentrations which ind ica tes  luxury 
uptake o f these elements. While p ro d u c t iv i t ie s  were lower than those 
reported fo r  s u b tro p ic a l ly  grown macrophytes, t h e i r  h igher TN and TP 
leve ls  o f fs e t  the lower p ro d u c t iv i t ie s .  Comparisons o f n u t r ie n t  
removal p o te n t ia l  by E. n u t t a l l i i  (300 mg TN-m ^*d \  100 mg TP*m ^*d ^) 
compare well w ith  most o f the n u t r ie n t  removal p o te n t ia ls  reported by 
Reddy and De Busk (1985) fo r  the macrophytes they worked w ith .
CHAPTER V
NITRIFYING POPULATIONS IN AQUATIC MACROPHYTE-BASED 
AQUATIC TREATMENT SYSTEMS
Summary
A most probable number (MPN) microtechnique was used to  enumerate 
ammonium- and n i t r i t e - o x id iz in g  b ac te r ia  from aquatic macrophyte-based 
aquatic treatment systems. Ammonium- and n i t r i t e - o x id iz in g  popula­
t ions  were genera l ly  low in  the primary e f f lu e n t  feeding in to  the
+ 4 “ 1 “reactors and in  the rea c to r  waters (NH^ -o x id iz e rs ,  10 *ml ; NO2 - 
3 -1o x id ize rs ,  10 -ml ). Ep iphytic  and sediment n i t r i f i e r  populations
+ 8 ■ 1 7were high (NH^ -o x id iz e rs ;  10 *g dry weight ; NO2 -o x id iz e rs ,  10 *g
dry weight ^). Total concentra tions o f n i t r i f i e r s  in  the waters, 
sediments, and on the p lan ts  were s im i la r  w ith in  the reac to rs , sug­
gesting an e q u i l ib r ia  between the three phases. For the most p a r t ,  
ammonium-oxidizers were more abundant than n i t r i t e - o x id iz e r s  which 
re f le c ts  the higher growth y ie ld s  involved w ith  ammonium ox ida tion . 
High concentrations o f n i t r i f i e r s  were present in  reactors  where NO2 
and NO^  were n e g l ig ib le  which was in d ic a t iv e  o f n i t r a te  removal by 
d e n i t r i f i c a t io n  or p la n t  uptake. N i t r i f i c a t i o n  occurred on a year- 
round basis. N i t r i f i c a t i o n  coupled w ith  d e n i t r i f i c a t i o n  was a pre­
dominant n itrogen removal mechanism, p a r t i c u la r ly  in  the w in te r  when 
p lan t uptake o f n i t r a te  was minimal. Scanning e le c tron  microscopy 
(SEM) and l i g h t  m icroscopical observations ind ica ted  th a t  a diverse 
epiphyte community was present on M.yriophyl 1 urn heterophyl 1 urn; the
1 0 1
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communities on Elodea n u ta l1i i and Lemna mi nor were less dense and 
d iverse. The re la t io n s h ip  between the au to troph ic  n i t r i f i e r s  and 
photo troph ic  macrophytes ( p a r t ic u la r ly  E. n u t t a l l i i ) is  described as 
commensal and poss ib ly  sy n e rg is t ic .  Aquatic macrophyte aquatic  t r e a t ­
ment systems are s u ita b le  replacements fo r  conventional n itrogen 
removal systems.
In tro d u c t io n
Aquatic treatment systems can be defined as wastewater treatment 
systems which use submergent, emergent, or rooted aquatic vascular 
p lan ts  and th e i r  m icrob ia l and a lga l epiphytes as the p r in c ip a l  t r e a t ­
ment mechanism in  a managed or unmanaged pond or wetlands a p p l ic a t io n  
(Stowell e t a l . ,  1981). N itrogen removal occurs by a number o f 
mechanisms: ( i )  p la n t uptake and harvesting , ( i i )  v o la t i l i z a t io n  o f
ammonia, and ( i i i )  m icrob ia l n i t r i f i c a t i o n  coupled w ith  d e n i t r i f i c a ­
t io n  (Stowell e t a l . ,  1981). Some studies have shown th a t  n i t r i f i c a ­
t io n  coupled w ith  d e n i t r i f i c a t io n  is  the predominant n itrogen removal 
mechanism (Weber and Tchobanoglous, 1985a,b). I t  has been suggested 
th a t  in  hyacinth ( E ichornia c rass ipes) systems, n i t r i f i c a t i o n  re s u lts  
from e p ip h y t ic  n i t r i f i e r s  w h ile  d e n i t r i f i c a t io n  takes place in  micro- 
a e ro p h i l l i c  sediments (S towell e t a l . ,  1981). Research by Weber and 
Tchobanoglous (1984,1985a,b) has shown th a t  both n i t r i f i c a t i o n  and 
d e n i t r i f i c a t io n  occur w ith in  a s ing le  tank p lug - f low  water hyacinth 
treatment system. Conventional n i t r i f i c a t i o n - d e n i t r i f i c a t i o n  systems 
usua lly  requ ire  an oxic reac to r and an anoxic reac to r to  promote 
n i t r i f i c a t i o n  and d e n i t r i f i c a t io n .
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Epiphytic  ammonia- and n i t r i t e - o x id iz in g  bac te r ia  have been 
enumerated from aquatic  macrophytes found growing in  the p o llu te d  
Passaic River (N .J . )  and i t s  t r i b u ta r ie s  (Matulewich e t  a l . ,  1975; 
Matulewich and F in s te in ,  1978). N i t r i f y in g  populations have not been 
enumerated, however, in  aquatic treatment systems. The purpose o f 
th is  study was to  assess the d is t r ib u t io n  o f n i t r i f i e r s  in  reactors  o f 
a p i lo t - s c a le  aquatic  treatment system where n i t r i f i c a t i o n  was 
occurring (see Chapter I I , I I I ) .  High concentrations o f n i t r i f i e r s  
were present in  the water column, sediments, and as epiphytes on a 
v a r ie ty  o f  macrophytes.
M a te r ia ls  and Methods
P ilo t -S c a le  Aquatic Treatment Systems
Elodea n u t t a l1i i (P lanch.) St. John and Lemna mi nor L. were
obtained from the Old Durham Reservoir, Durham, N.H. Myriophyllum
heterophyl1 urn Michx. was obtained from Lake Winnipesaukee, Wolfeboro,
2
N.H. The macrophytes were grown in 120 L tanks (1 .0 m  surface area) 
in  a greenhouse a t the Durham, N.H. Wastewater Treatment F a c i l i t y .
The reactors  were operated continuously fo r  two years. The tanks were 
well mixed w ith  d if fu se d  a i r  and primary e f f lu e n t  was pumped to  the 
reactors so th a t  hyd rau lic  residence times were approximately 3.8 d. 
P la s t ic  mesh was used to  support the p la n t m ateria l in  the water 
column. Two reactors  were used as co n tro ls . One was exposed to  
su n lig h t but d id  not have macrophytes so th a t  phytoplankton popula­
t ions  developed. The o ther contained p la s t ic  aquaria p lan ts  to  
encourage b io f i lm  formation and was covered so th a t  blooms would not
icy
occur. Macrophyte standing crops were usua lly  2 .5 -3 .5  kg wet 
- 2
weight-m . Harvesting occurred every 2-4 weeks. Approximately 3-4 
cm o f sediment was present a t the bottom o f each reac to r.
Sampling and Analysis
Dissolved oxygen (DO) and temperature were measured in  the reactors 
w ith  a YSI 57 DO meter. At th a t  t im e, water column, sediment, b io f i lm ,  
macrophyte, and primary e f f lu e n t  grab samples were taken (December 
1984, A p r i l  1985, Ju ly  1985). Samples were placed in  W hirl-Pak bags 
and returned to  the lab o ra to ry  fo r  immediate ana lys is . Total a lka ­
l i n i t y  was determined by t i t r a t i o n  to  an endpoint pH of 4.3 (APHA,
1984). Ammonia n itrogen  was determined by ion s p e c if ic  e lectrode 
(Orion Corp., Cambridge, MA) according to  standard methods (APHA,
1984). N i t r i t e -  and n i t r a te -n i t r o g e n  were determined using the s u l-  
fa n i l im id e  c o lo r  reac t ion  and copper-p la ted cadmium reduction method 
developed fo r  the Alpkem Autoanalyzer (Technicon). Samples were 
f i l t e r e d  (0.45 pm) before ana lys is . Macrophyte and sediment percent 
dry weights were determined by measuring wet weights a f te r  d ra in ing  
over a screen fo r  3 min, d ry ing  a t 70°C fo r  72 h, and reweighing. For 
MPN assays, l iq u id  samplers were used d i r e c t ly  and s o l id  samples 
(4-8 g wet weight) were d i lu te d  to  100 ml w ith  cold (4°C) phosphate 
b u ffe r  (25 mM, pH 7 .2) p r io r  to  homogenization in a cold blender fo r  1 
min (Matulewich and F in s te in ,  1978).
N i t r i f i e r  Enumeration
The MPN microtechnique developed by Rowe e t a l.  (1977) was used. 
Varia t ions  o f th is  technique have been used elsewhere success fu lly
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(Ghiorse and Alexander, 1978; Labeda and Alexander, 1978; S tra t ta  and 
Long, 1980). P re lim ina ry  work comparing th is  technique w ith  the 
standard f iv e  tube s e r ia l  d i lu t io n  MPN technique (Matulewich e t a l . ,  
1975) ind ica ted  th a t  the new technique enumerated n i t r i f i e r s  approxi­
mately an order o f magnitude higher than the standard procedure, which 
agreed w ith  re s u lts  from o ther comparative studies (Ghiorse and 
Alexander, 1978; Rowe e t a l . ,  1977).
The microtechnique uses 96-well t issue  cu ltu re  p la tes  (M ic ro tes t 
I I ,  Falcon, Oxnard Ca. , well volume o f 500 p£) so th a t  12 s e r ia l  
d i lu t io n s  can be made w ith  8 re p l ic a te s  per d i lu t io n .  Costar Octapette 
m u lt ip le  p ip e t to rs  (Costar In c . ,  Cambridge, MA) were used to  f i l l  the 
wells  w ith  media and to  conduct s e r ia l  d i lu t io n s .  New p ip e t te  t ip s  or 
s te r i l i z e d  t ip s  (0 .5  N F^SO^ 3x, 95% EtOH 3x, d i s t i l l e d  deionized 
water 3x) were used between tra n s fe rs .  Dye studies ind ica ted  th a t  the 
p ip e tto rs  would completely mix the w e lls .  F iv e - fo ld  (50 p£ in to  200 
p£) s e r ia l  d i lu t io n s  were used. Ammonium-calcium carbonate media was 
used to  grow the ammonium o x id ize rs  and n i t r i t e - c a lc iu m  carbonate 
media was used to  grow the n i t r i t e  o x id ize rs  (Alexander and C lark , 
1965). A f te r  s e r ia l l y  d i l u t in g  the samples, the p la tes were covered 
and incubated a t 25°C in  a humid environment fo r  28 d (Matulewich e t 
a l . ,  1975). Ammonium-oxidizers were scored by adding 50 pi o f a 
n i t r i t e - n i t r a t e  in d ic a to r  (0 .2  g diphenylamine in 100 ml o f con­
centrated i^SO^) to  each well using an Octapette m u lt ip le  p ip e t to r .  A 
strong blue c o lo r  was in d ic a t iv e  o f e i th e r  form o f ox id ized n itrogen 
and th a t  well was scored p o s i t iv e .  N i t r i t e  o x id ize rs  were scored by 
adding 50 p£ o f a n i t r i t e  in d ic a to r  (Alexander and C lark , 1965) to 
each w e l l .  A strong red c o lo r  was in d ic a t iv e  o f n i t r i t e  and wells
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were scored p o s i t iv e  where the red c o lo r  d id  not develop. A con­
servative  approach was taken in enumerating n i t r i f i e r s ;  those w e lls  
which were f a i n t l y  blue or p ink (compared to  c o n tro ls )  were not scored. 
Occasionally, in  the f i r s t  row o f w e lls  where homogenized p la n t  m ateria l 
was present, blue co lo r  d id  not develop. Further examination w ith  
lower concentrations o f p la n t m ateria l ind ica ted  th a t  the organic 
materia l may have encouraged d e n i t r i f i c a t i o n  to  occur in  these w e lls .  
Therefore, the w e lls  were scored p o s i t iv e .  MPN values were obtained 
from a computer program w r i t te n  by Dr. J. Waide (Rowe e t a l . ,  1977) 
which was modified to  generate an MPN ta b le  based on a f iv e  fo ld  
d i lu t io n  series.
Scanning E lectron Microscopy (SEM)
Plant and p la s t ic  mesh specimens were examined fo r  the presence 
of ep iphy t ic  b io f i lm s .  Random samples were co lle c te d  along w ith  the 
grab samples used fo r  the enumeration s tud ies . Samples were rinsed 
w ith  cacodylate b u f fe r  (CB, 0.1M, pH 7 .2) to  remove loose ly  bound 
epiphytes and then p re f ixed  in  a 2.5% g lutara ldehyde - CB so lu t io n  fo r  
2 h. Samples were then washed tw ice w ith  CB and po s tf ixe d  fo r  one h 
in a 1% 0 ^  - CB s o lu t io n . The m ateria l was washed tw ice w ith  CB and 
dehydrated in  a graded ethanol series p r io r  to c r i t i c a l  p o in t  dry ing 
in a Samdri C r i tp o in t  Dryer. A f te r  sp u tte r  coating under argon 
(Technics Sputter Coater), the specimens were viewed on a AMR-1000 
scanning e lec tron  microscope (20 kV, specimen stage a t 11°). L igh t 




Wastewater and Reactor Water C h a rac te r is t ics
Table V-l shows the ty p ic a l  ranges o f the co ns t itue n ts  in  the 
primary e f f lu e n t  and in the reac to r water columns. While these data 
were compiled p r io r  to  th is  cu rren t study, they are in d ic a t iv e  o f the 
c h a ra c te r is t ic s  o f the wastewater en ter ing  the reactors and o f the 
condit ions when n i t r i f i c a t i o n  was occurring  on a year-round basis. In 
the con tro l tank con ta in ing  p la s t ic  aquaria p la n ts ,  t u r b id i t y  was 
usually  high and DO values were usua lly  low. S im ila r  cond it ions  were 
observed in  the reactors conta in ing  L. minor. This macrophyte formed 
a th ic k  mat on the water surface and the water column contained decaying 
fronds. In the con tro l tank conta in ing  phytoplankton, the concentra­
t ions  o f phytoplankton were high and the sediments were composed 
la rg e ly  o f  s e t t le d  algae.
N i t r i f i e r  Enumeration
Tables V-2 through V-4 show the d is t r ib u t io n s  o f  ammonia- and 
n i t r i t e - o x id iz in g  bac te r ia  in  the various reactors . The concentra­
tions  in  the water columns, as epiphytes on the p la n t  surfaces, and in 
the sediments are shown. The c h a ra c te r is t ic s  o f the wastewater feed­
ing the reactors as well as the water in  the reactors  are also presented. 
Previous work has shown th a t  temperature, DO, and occas iona lly  NH^+ 
are qu ite  va r ia b le  over the course o f a day and are a fu n c t io n  o f the 
time when sampling occurs. Nevertheless, n i t r i f i c a t i o n  (as ind ica ted  
by the presence o f NO2 -N or NO^-N) occurred in  a l l  reactors  where 
photosynthetic  oxygen evo lu t ion  was poss ib le . N i t r i f i e r s  were
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Table V - l . C h a ra c te r is t ics  o f  the primary e f f lu e n t  and o f  the water in  
the reacto rs .
Constituent Primary E f f lu e n t3 Reactors3
Temp (°C) 11.0 - 26.5 10.0 - 29.5
pH 6.4 - 8.1 6.1 - 9.6
A lk a l in i t y ,  as CaCO^  (mg/£) 80 - 214 12 - 144
DO (mg/£) 0.2 - 3.1 0.5 - 15.5
B0D5 (mg/£) 91.8 - 142.5 26.5 - 68.5
NH^+-N (mg/£) 10.1 - 27.2 0.3 - 25.9
no2- n + no3~-n (mg/£) 0.00 - 0.08 0.0 - 7.1
Total N (mg/£) 13.4 - 29.9 3.3 - 27.1
P043"-P (mg/£) 1.3 - 3.4 1.2 - 2.8
Total P (mg/£) 2.7 - 6.9 2.5 - 5.1
aValues are ranges observed in  a ye a r 's  worth o f sampling (see 
Chapter I I ) .














-1mg-L NH^ +-o x id ize rsa NO2 -o x id ize rs3




Wastewater to  1-4 15.0 0.1 169.0 17.93 0.00 0.00 2.54 X
1 1 
o
 ro 1.20 X 0 r
o
2 . 1
1 Water 12.0 6.8 112.5 5.64 0.26 8.09 1.35 X 10-? 3.01 X 105 4 . 5
E .  n u t t a l l i i 5.84 X 1 0 7 3.88 X 1 0 g 15.1Sediment 3.11 X 1° 6.09 X 10® 5 . 1
2 Water 12.0 7.3 128.5 12.16 0.21 6.60 1.08 X 1 0 q 1.45 X l ° c 0 . 7
E.  n u t t a l l i i 1.48 X 107 2.03 X ! 0 ® 72.9Sediment 4.56 X 1° 2.56 X 1 0 J 1 . 8
3 Water 11.0 6.9 126.0 4.71 0.50 12.33 6.75 X i o  2 5.50 X 1 2 2 . 7
E. n u t ta l l i 6.86 X 1 0 6 1.37 X 10g 5 . 0Sediment 1.99 X 1 ° 3 6.51 X 10® 0 . 3
4 Water 12.0 6.2 122.5 7.34 0.13 5.22 5.84 X 10in 1.20 X l°g 4 8 . 7M. heterophyllum 4.65 X i o J ° 2.59 X
1 0 6
1 7 , 9 5 ? . 7
Sediment 5.12 X 10b 5.51 X 10b 0 . 9
Wastewater to  5-8 15.0 0.1 172.0 17.50 0.00 0.00 2.92 X o r
o
1.28 X 1 0 2 2 . 3





6 Water 12.0 0.3 141.0 5.10 0.00 0.00 5.43 X 108 1.53 X 105 3 . 5B io fi lm 2.39 X 107 4.52 X 107 528.8Sediment 4.03 X 102 2.45 X 102 1 . 67 Water 12.0 0.2 172.0 28.86 0.00 0.00 1.27 X 106 2.14 X 1 0 1 0 . 6L. minor 1.19 X l°o 3. :2 X 1 ° g 38.1
Sediment . 1.12 X 10® 2.77 X 1 ° 3 4 0 . 4
8 Water (phy to .) 12.0 6.8 156.0 32.02 0.00 0.00 2.68 X 105 1.39 X 1 0 * 1 . 9Sediment 4.25 X 1 0 5 1.66 X 1 0 4 25.6
aMPN-ml o r MPN-g dry weight .
^M. heterophyllum and E. n u t t a l l i i .
cB io film  attached to  p la s tic  aquaria p la n t, dark con tro l. 
^Reactor conta in ing phytoplankton, l ig h t  co n tro l.












‘  -1 
mg-L
NO '-N  
-1mg-L NH^ +-o x id ize rsa NO2 -o x id ize rs3
NH4+- ox.
N02' - ox.
Wastewater to 1-4 13.0 0.1 143.5 24.01 0.00 0.00 5.43 X 102 2.14 X 102 2.5
1 Water 12.0 7.3 57.0 6.21 0.23 1.64 3.52 X 1C2 3.36 X 10g 1.0
E. n u t ta l l i 8.47 X 10? 2.09 X 10° 40.5
Sediment 5.81 X 1° 7.32 X 102 7.92 Water 12.0 6.9 21.0 2.10 0.09 4.79 5.30 X 101 1.50 X 1°I 0.4
E. n u t ta l l i 1.18 X 10fi 6.42 X 10? 183.8Sediment 1.99 X 10$ 1.78 X 10* 11.2
3 Water 13.0 7.5 20.0 4.50 0.30 9.22 4.20 X lo2 8.09 X 101 51.9E. n u t t a l l i i 1.33 X 104 3.49 X 108 >0.1Sediment 8.22 X 10? 4.11 X 10* 0.24 Water 12.0 7.6 110.0 10.89 0.00 0.29 6.20 X 105 5.30 X 101 1.2M. heterophyllum 2.74 X 10g 5.39 X 105 >0.1
Sediment 3.19 X 10b 4.10 X 10b 7.8
Wastewater to 5-8 13.0 0.1 143.5 21.98 0.00 0.00 3.52 X 102 5.10 X 101 6.9
5 Water . 13.0 7.6 27.2 3.01 0.51 10.52 9.74 X 106 3.76 X l°g 25.9Combination 2.83 X l° c 1.42 X 10$ 2.0
Sediment 9.86 X 103 4.63 X 1°2 21.36 Water (p la s t ic ) 12.0 0.4 138.0 18.06 0.00 0.00 1.76 X 10g 4.78 X 10I 0.4Sediment 2.28 X 101 1.58 X l°o 14.47 Water 12.0 0.5 70.0 4.88 0.00 0.28 8.60 X 10J 2.46 X 10g 0.3L. minor 2.56 X 10g 1.87 X >0.1
Sediment . 7.95 X 106 9.43 X 103 0.88 Water (phyto .) 12.0 6.8 80.0 4.06 0.00 0.15 0 c 3.18 X l°g 0
Sediment 2.19 X 10* 1.26 X 108 >0.1
aMPN-ml o r MPN-g dry weight
* M. heterophyllum and E. n u t t a l l i i .
cReactor conta in ing p la s tic  aquaria p lan ts , dark co n tro l. 
^Reactor containing phytoplankton, l ig h t  con tro l.















-1mg-L NH4+-o x id iz e rs a NO2 -o x id iz e rs 3




Wastewater to  1-4 22.0 0.1 95.0 16.62 0.00 0.00 8.60 X 101 * -
1 Water 22.0 8.8 43.5 0.27 0.00 2.83 2.78 X 107
• -
E. n u t t a l l i i 2.30 X 107 - -Sediment 4.44 X 103 - -2 Water 22.0 8.4 37.0 0.35 0.45 1.92 1.50 X 107 - -E. n u t t a l l i i 8.02 X 107 - -Sediment 4.37 X W 2 - -3 Water 21.0 8.7 65.0 1.29 0.07 0.27 1.99 X 1°7 - -
E. n u t t a l l i i 1.78 X 106 * -Sediment 1.68 X 10° - -
4 Water 22.0 8.1 49.5 1.60 0.48 3.32 3.92 X 108 -E. n u t t a l l i i 1.05 X 10° « -
Sediment 1.25 X 107 - “
Wastewater to  5-8 23.0 0.1 123.0 14.79 0.00 0.00 1.75 X
CMo
- -
5 Water 23.0 8.9 38.5 1.10 0.18 7.63 1.06 X 10 - -E. n u t t a l l i i 4.39 X 10° - -
Sediment . 2.44 X 103 - -6 Water (p la s t ic ) 22.0 3.2 35.0 2.39 0.00 15.12 1.76 X 106 -Sediment 8.79 \ 103 - -7 Water 22.0 1.7 85.0 7.35 2.08 1.43 2.71 X 108 -L. minor 2.24 X 10fi - -Sediment 2.73 X 1 ° 5 - -
8 Water (phyto .) 22.0 9.0 49.0 1.05 0.00 0.00 6.60 X 1 ° ] - -
Sediment 4.57 X 104
aMPN-ml ' or MPN-g dry weight ^
^Reactor containing p la s t ic  aquaria p lan ts , dark con tro l. 
cReactor containing phytoplankton, l ig h t  con tro l.
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enumerated from a l l  samples except in  the water column o f Reactor 8 in  
A p r i l .  For the most p a r t ,  ammonia-oxidizers were more preva len t than 
n i t r i t e  o x id iz e rs ;  in  December by an average ra t io  (± std. dev.) o f 
891 (± 3671) and in  A p r i l  by an average fa c to r  (± std. dev.) o f 15.8 
(± 38.2).
SEM
Three separate SEM stud ies were conducted. A l l  three showed 
s im i la r  pa tte rns o f epiphyte dens ity  and d iv e rs i t y .  The re s u lts  from 
the f i r s t  study were used. Figure V -l are micrographs o f e p ip h y t ic  
microorganisms on E. n u t t a l l i i , M. Heterophyllum, L. m inor, and p la s t ic  
mesh from a reac to r con ta in ing  E. n u t t a l l i i . A diverse group o f 
microorganisms were observed on the stem (and leaves) o f M. hetereo- 
phyllum and the p la s t ic  mesh. Bacteria  (fi lam entous and u n ic e l lu la r ) ,  
diatoms, and protozoa were present. L igh t microscopical observations 
of M. heterophyllum confirmed th a t  a diverse e p ip h y t ic  community was 
always present, p a r t i c u la r ly  on the stem and o lde r leaves. The 
epiphytes on E. n u t t a l l i i  and L. minor were less d iverse and present 
in  lower concen tra t ions; rod and coccoid morphologies were observed on 
leaves (and stems) o f  E. n u t t a l l i i  and on the ven tra l surface and roo t 
cap of L. m inor. L igh t m icroscopical observations o f  E. n u t t a l l i i  and 
L. minor confirmed the SEM observations.
Di scussion
This study shows th a t  high concentrations o f ammonia- and n i t r i t e -  
ox id ize rs  were present in  aquatic macrophyte-based aquatic treatment
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Figure V - l .  SEM micrographs o f (a) a lea f of E. n u t t a l l i i , bar = 5 pm;
(b) a needle o f M. heterophyllum, bar = 5 pm; (c )  the 
ventra l frond surface o f L. miTior, bar = 5 pm; and (d) 
the p la s t ic  mesh in  a reactor conta in ing E. n u t t a l l i i , 
bar = 20 pm. Note bacteria  (B) diatoms (D ) , and protozoa 
(P).
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systems. N i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  were important in  n itrogen 
transformations in  these systems. The re s u lts  in d ica te  th a t  aquatic 
treatment systems are s u ita b le  replacements fo r  conventional f ix e d -  
f i lm  or ox ic /anox ic  n i t r i f i c a t i o n - d e n i t r i f i c a t i o n  wastewater treatment 
systems.
Experimental E ffe c ts  on N i t r i f i c a t i o n
N i t r i f i c a t i o n  was ind ica ted  by the presence o f NC^'N and NO^-N in 
reactors which were fed primary e f f lu e n t  which d id  not have these 
components. N i t r i f i c a t i o n  occurred in  these reactors  on a year round 
basis (see Chapter I I ) .  P r io r  research has ind ica ted  th a t  DO values 
below 3.0 mg*l  ^ can be l im i t i n g  to  n i t r i f i c a t i o n ,  w h ile  0.5 mg*l "* is  
an average c r i t i c a l  th resho ld  (see Sharma and A h le r t ,  1977). Temper­
atures below 8.3°C are l im i t i n g  to  n i t r i f i c a t i o n ,  w h ile  4°C appears to  
be the c r i t i c a l  th resho ld  fo r  n i t r i f i e r s  (see Sharma and A h le r t ,
1977). In th is  study, temperatures never dropped below 11°C. DO 
values, however, were low (0 .5  mg*l ^) in  reactors  where microaero- 
p h i l i c  and anoxic m ic rob ia l metabolic a c t i v i t y  predominated (head 
tanks, dark c o n t ro l ,  and L. minor re a c to rs ) .  N i t r i f i e r s  were 
enumerated from these reactors  despite  ( i )  DO values which were lower 
than the average c r i t i c a l  value and ( i i )  absence o f NOg - and N0^ "N. 
Sharma and A h le r t  (1977) do re p o r t  instances where n i t r i f i c a t i o n  
occurred a t DO values less than 0.5 mg*L ^ . These low DO values would 
a llow d e n i t r i f i e r s  to  reduce n i t r a te  and remove i t  from the water 
column. Determining the percent conversion o f NH^+-N to  N0^ ~N in  
these treatment systems is  d i f f i c u l t  because o f n itrogen loss from 
ammonia v o la t i l i z a t io n ,  d e n i t r i f i c a t i o n ,  and p la n t uptake.
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N i t r i f i e r  Act iv ity
Concentrations o f  ammonium- and n i t r i t e - o x id iz e r s  in  the primary 
e f f lu e n t  were g ene ra l ly  lower than values reported in  the l i t e r a t u r e  
(see Table V-5). While n i t r i f i e r s  were not enumerated from macrophyte 
assemblages in  t h e i r  natura l h a b ita ts ,  the presence o f n i t r i f i e r s  in  
the primary e f f lu e n t  could have served as a source fo r  the n i t r i f i e r s  
in the reactors . Concentrations o f ammonia- and n i t r i t e - o x id iz e r s  in  
the reac to r water columns were s im i la r  to  ones reported in  the l i t e r ­
ature fo r  p o l lu te d  r iv e rs  and f is h  ponds (see Table V-5). The con­
cen tra tions  o f e p ip h y t ic  and sediment n i t r i f i e r s  were genera lly  h igher 
than corresponding values in  the l i t e r a t u r e  (see Table V-5). B io f i lm  
n i t r i f i e r  popu la tion  d e ns it ie s  were s im i la r  to  ones reported fo r  
n i t r i f y i n g  ro ta t in g  b io lo g ic a l  con tacto r b io f i lm s  (see Table V-5).
The genera l ly  high concentrations o f n i t r i f i e r s  in  the reactors was 
probably due to  both the MPN enumeration technique used in  th is  study 
and the optimal n i t r i f i e r  growth cond it ions in  the reactors (h igh 
ammonium and DO concen tra t ions).
Ammonium/Nitrite O x id ize r Ratios
The high ra t io s  o f ammonia- to  n i t r a te -o x id iz in g  bac te r ia  observed 
in  th is  study (5 .5  to  891) were s im i la r  to  ones reported in  the l i t e r ­
ature (see Table V-5). This probably r e f le c ts  the h igher growth 
y ie ld s  fo r  ammonia-oxidizers (0 .29) over n i t r i t e - o x id iz e r s  (0.084) as 
reported by Sharma and A h le r t  (1977). T h e o re t ic a l ly ,  only 35 moles o f 
ox id iza b le  ammonium are required to  support the f i x a t io n  o f one mole 
o f carbon by ammonium-oxidizers while  100 moles o f ox id izab le  n i t r i t e
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Table V-5. D istr ibution  o f NH^+- and NOj -Oxidizers
Location NH4+ oxidizers N0£ oxidizers NH^-ox. Reference
(MPN/ml or MPN/gdw)
Water column 0 MPN/ml 9




Passaic River, NJ 4.0 X 10 3.0 X 13.3 Matulewich and F instein, 1978
Passaic River, NJ 2 .6 X 103 7.0 X 3.7 C ire l lo  e t  a l . ,  1976Passaic River, NJ 2 . 6 X 103 1.2 X 216.6 Matulewich e t  a l . ,  1975Mine Brook, NJ 3.2 X l o l 2.9 X 100 11.0 Matulewich e t  a l . , 1975Rockaway River, NJ 1 A X 104 2.4 X 103 58.3 Matulewich and F instein, 1978River Tame, U.K. 2 .7 X 104 6 . 8 X 103 3.9 Curtis et  a l .  , 1975River Trent,  U.K. 4 .4 X 103 7.0 X 103 6.3 Curtis e t  a l . ,  1975Waiohewa Stream, N.2. 2 .4 X 1°2 - Cooper, 1983
Fish Pond, India 2 . 8 X 103 - 0 Jana and Roy, 1985reactor water 1.5 X 103 3.0 X 10Z 6 .0 This study
Macrophytes 7 MPN/gdw 7
Matulewich and Finste in , 1978Potomaqeton pusil lus 6.1 X 10 ' 1 .2 X 103 5.1Nuphar advena 1.0 X 10 ' 5 .8 X 10r 1724.1 Matulewich and F instein, 1978
Ceratophyllum demersum 1.0 X 1° 4.1 X 106 24.3 Matulewich and F instein, 1978S a q i t ta n a  Cuneata 3.9 X l°c 2.1 X 10g 18.5 Matulewich and F instein, 1978
Elodea canadensis 1.1 X 10c 1.9 X 1°C 578.9 Matulewich and F inste in , 1978
Polyqonium natans 3.0 X 10c 1.7 X io« 17.64 Matulewich and F instein, 1978
Glyceria s t r ia ta 3.4 X io f 4 .4 X 1°4 77.27 Matulewich and F instein, 1978 
Matulewich e t  a l . ,  1975N. advena 4.5 X 105 1.1 X 10? 409.1P. d ivers ifo l ius 6.7 X 10g
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3.5 X 10c 1.91 Matulewich e t  a l . ,  1975
Elodea n u t t a l l i i 1.4 X 2 .0 X 106 70.0 This study
Biofi1ms 7 MPN/gdw C.
Mine Brook, NJ 3.6 X 10 ' 1.4 X i ° 257.1 c Strom e t  a l . ,  1976
Mine Brook, NJ 3.6 X 1°7 2 .2 X 10c 1 .6  x 10s Matulewich et  a l . ,  1975
Rockaway River, NJ 1.0 X 10c 1 .6 X 10c 6.25 Matulewich and F inste in , 1978
Passaic River, NJ 




1.5 X 10 0
l o i u
14.0 Matulewich and F instein, 1978
5.0 X 3.0 X 1.7 S tra t ta  and Long, 1980









5.1 X iof 3.3
1.5 X 2.7 X 1°7 5.5 Curtis et  a l . , 1975
River Trent,  U.K. . 3.1 X 2.4 X 107 12.9 Curtis e t  a l . , 1975
Waiohewa Stream, N.Z. 1.5 X 10g
106
- c - Cooper, 1983
Two Mile Creek, NY 
Cypress Dome, FL
1 .2 X 1.0 X 106 120 White e t  a l . ,  1977 
Dierberg and Brezonik, 19821.2 X 103 - -Fish Ponds, India  
Fish Ponds, Israe l
2.9 X l°g - 0 - Jana and Roy, 1985
2 .0 X 107 8 X 1°6 250 Ram e t  a l . , 1982reactors 3.1 X 107 6 . 0 X 106 5.1 This study
aAssuming reported b io f i lm  densities are based on dry weights. 
^Assuming 10% dry weight to wet weight ra t io .
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are required to  support the f i x a t io n  o f one mole o f carbon by 
n i t r i t e - o x id iz e r s  (A t la s ,  1982). One would the re fo re  expect the r a t io  
o f the two populations to  r e f le c t  the range o f ra t io s  between 2.85 as 
based on the free  energy derived to  f i x  inorgan ic  carbon, or the r a t io  
o f 3.45 as based on a comparison o f th e o re t ic a l  y ie ld s .  The fa c t  th a t  
the ty p ic a l  ra t io s  in  th is  study were h igher than expected values was 
probably due to  n i t r a te  loss by d e n i t i f i c a t io n  or p la n t  uptake. 
Occasionally , ra t io s  o f  less than 1.0 were observed. S t ra t ta  and Long 
(1980) observed th is  in  the l a t t e r  compartments o f a n i t r i f y i n g  ro ta t in g  
b io lo g ic a l  con tac to r system where plug f low  condit ions and n i t r i f i e r  
growth k in e t ic s  resu lted  in  high n i t r i t e  and low ammonium concentrations 
in  those compartments. S im ila r  t ra n s ie n t  events may exp la in  the low 
ra t io s  observed in  these s tud ies.
I t  is  hypothesized th a t  in  hyacinth-based aquatic  treatment 
systems, e p ip h y t ic  n i t r i f i e r s  which adhere to  the extensive hyacinth 
roo t s tru c tu re  are responsib le  fo r  n i t r i f i c a t i o n  w h ile  sediment d e n i t r i -  
f i e r s  are reponsib le  fo r  d e n i t r i f i c a t i o n  (Stowell e t  a l . ,  1981).
Results from these s tud ies ind ica ted  th a t  the n i t r i f i c a t i o n  p o te n t ia l  
o f the water column, e p ip h y t ic ,  and sedimentary n i t r i f y i n g  populations 
were e s s e n t ia l ly  equal because to ta l  popu la tion le ve ls  in  the three 
compartments were r e la t iv e ly  s im i la r  (see Table V -6), in d ic a t in g  th a t  
water column and sediment n i t r i f i e r s  are as important as ep iphy t ic  
n i t r i f i e r s  in  c o n tr ib u t in g  to  n i t r i f i c a t i o n .
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Table V-6. Total N i t r i f i e r  Concentrations in the Reactors
Source o f  
Sample no4+--ox id ize rs no2- '-ox id ize rs
Reactor water 4.39 X
O
10 / re a c to r 1.33 X 10®/reac to r
columna
Epiphytic*3 6.07 X 10®/reactor^ 6.51 X 10®/reactor®
rSedimentary 9.41 X
g
10 / re a c to r 7.50 X
g
10 / re a c to r
a mean conc. x 1000 ml 120 L 
ml L reac to r
b mean conc. g dry weight 1000 g wet weight 3 kg wet weight
g dry weight 20 g wet weight x kg wet weight reac to r
c mean conc. g dry weight 1 g wet weight 7000 ml
g dry weight 14.28 g wet weight ml reac to r
^ does not include M. heterophyllum samples.
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Epiphytic  B io f i lm s
Most s tud ies examining the epiphyte-macrophyte assoc ia tion  have 
centered on the c e l l u l o l y t i c  p ropert ies  o f  the e p ip h y t ic  bac te r ia  and 
th e i r  ro le  in  the decomposition o f senescing macrophytes, p a r t i c u la r ly  
Potomogeton sp. (Howard-Wi11iams e t a l . ,  1978; Robb e t a l . ,  1979; 
Rogers and Breen, 1981; Zuberer, 1984). N it ro g e n - f ix in g  bac te r ia  and 
cyanobacteria ( Rhodopseudomonas s p . , K le b s ie l la  s p . , G lo e o tr ich ia  sp .) 
have been iso la te d  from a v a r ie ty  o f aquatic macrophytes (Finke and 
Seeley, 1978; Zuberer, 1982). Lemna mi nor had to ta l  counts o f 5 to  9 
x 10^ • cm ^ (Hossell and Baker, 1979a,b). Zuberer (1984) has also 
shown th a t  the m icrob ia l attachment s i te s  on L. minor are lo ca l ize d  on 
the ven tra l surface o f the frond and on the roo t cap. A s ig n i f i c a n t  
p roportion  o f the b a c te r ia  on Elodea canadensis incorporated glucose 
(Ramsay, 1974), and were predominantly Pseudomonas sp. and 
Flavobacterium sp. (Ramsey, 1977). Results from these SEM and l i g h t  
m icroscopical s tud ies ind ica ted  th a t  a d iverse epiphyte community was 
present on both in e r t  ( p la s t ic  mesh) and m e ta b o l ica l ly  ac t ive  
(macrophyte) surfaces. The data suggested th a t  the epiphytes on 
E. n u t t a l l i i  and L. minor were less d iverse than on M. heterophyllum. 
The bac te r ia  which adhered to  L. minor in  these stud ies e xh ib ited  the 
same preference fo r  the dorsal surface o f the frond and the roo t t i p  
as reported by Zuberer (1984).
While au to troph ic  n i t r i f i e r s  have been iso la te d  from a number o f 
photo troph ic  aquatic macrophytes (Matulewich and F in s te in ,  1978; 
Matulewich e t a l . ,  1975; th is  s tudy), the re la t io n s h ip  between the 
chemoautotrophic n i t r i f i e r s  and.the photoauto troph ic  macrophytes has
not been addressed. A l le n  (1971) has introduced a model regarding the 
n u t r i t io n a l  in te ra c t io n s  between a macrophyte and a la rg e ly  hetero- 
t ro p h ic  epiphyte community but he d id  not address the p o te n t ia l  r e la ­
t io n sh ip  between two ino rgan ic  carbon re q u ir in g  partners . Both n i t r i ­
f ie r s  and macrophytes use the Calv in  cycle to  f i x  inorgan ic  carbon.
Results from th is  study show th a t  e p ip h y t ic  n i t r i f i e r  popu la tions, 
p a r t i c u la r ly  on E. n u t t a l l i i , were present year round. I t  is  u n l ik e ly  
th a t  the carbon requirements o f  the e p ip h y t ic  n i t r i f i e r s  were 
s ig n i f i c a n t  compared to  those o f E. n u t t a l l i i . The in t im a te  r e la t io n ­
ship between the two partners  could be regarded as commensal because 
( i )  n i t r i f i e r s  were present in  in t im a te  assoc ia tion  w ith  the macro­
phytes on a year-round bas is , ( i i )  com petit ion  fo r  inorgan ic  carbon 
was n e g l ig ib le ,  and ( i i i )  the n i t r i f i e r s  could b e n e f i t  from photo- 
s y n th e t ic a l ly  evolved oxygen. The re la t io n s h ip  may be regarded as 
syn e rg is t ic  i f  n i t r a te  (de rived  from n i t r i f i c a t i o n )  was p re fe rred  over 
ammonia as a n itrogen source to  the macrophyte. Some evidence sug­
gests th a t  n i t ra te -N  increases the growth y ie ld  and ch lo rophy ll  content 
in  macrophytes when compared to  ammonium (Best, 1980; Tucker, 1981).
Both forms o f n it rogen , however, can be used by macrophytes (Raven,
1984). Murray and Hodson (1986) re p o r t  th a t  the macrophyte Nymphaea 
odorata (water l i l y )  synthesizes an in h ib i t o r y  substance which 
represses b a c te r ia l  h e te ro troph ic  a c t i v i t y .  This a b i l i t y  to  regu la te  
the a c t i v i t y  o f p o te n t ia l  macrophyte decomposers suggests th a t  macro­
phytes may con tro l e p ip h y i t iz a t io n  o f  t h e i r  surfaces. Elodea n u t t a l1i i , 
un like  Myriophyllum heterophyllum and Ceratophyl1 urn demersum, appeared 
to  prevent c o lo n iza t io n  o f  i t s  surfaces by d iverse ep ip h y t ic  communities. • 
Such a b i l i t i e s  make i t  p a r t i c u la r ly  w ell su ited  fo r  use in  aquatic 
treatment systems.
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Aquatic macrophyte-based aquatic treatment systems support high 
concentrations o f n i t r i f y i n g  bac te r ia . N i t r i f i c a t i o n  can occur year 
round. Because o f d iu rna l va r ia t io n s  in  DO (from p la n t  photosynthesis 
and re s p i ra t io n ) ,  d e n i t r i f i c a t i o n  occurs in  the same reac to r. 
N i t r i f i c a t i o n  coupled w ith  d e n i t r i f i c a t io n  appears to  be a predominant 
n itrogen removal mechanism, p a r t i c u la r ly  in  the w in te r  when macrophyte 
p ro d u c t iv i ty  was low. These re su lts  suggest th a t  aquatic treatment 
systems may replace conventional two-stage, ox ic /anox ic  systems which 
require  two separate reactors  fo r  n itrogen removal.
CHAPTER VI
PHOTOSYNTHETIC CHARACTERISTICS AND EVIDENCE 
FOR BICARBONATE USE IN ELODEA NUTTALLII
Summary
The d iu rna l changes in  inorgan ic  carbon species (Cy), DO, and pH
were monitored in  reactors con ta in ing  Elodea n u t ta l1i i . Both C02(aq)
and HCO^  were removed from the reac to r during photosynthesis. A
sto ich iom etry  o f 1.19:1 was observed between HCO^  removal during
photosynthesis and OH production during photosynthesis, cons is ten t
w ith  theo r ies  regarding d i r e c t  b icarbonate u t i l i z a t i o n .  In labo ra to ry
experiments, the l i g h t  compensation po in ts  (Tp^p) were s im i la r  (31-35 
- 2  -1pE-m -s ) to  reported values fo r  o ther macrophytes; the l i g h t
- 2  -1sa tu ra t ion  le v e l ,  however, was high (1100 pE*m -s ) and s im i la r  to  
values reported fo r  a e r ia l  po r t ions  o f heterophyllous macrophytes.
maxThe k in e t ic s  o f photosynthe tic  oxygen e vo lu t io n  = 96 pM; V
= 133 pmol*mg Chi "'•h ^) and the moderately low CO2 compensation p o in t
(P7 = 44 p1 *L were in d ic a t iv e  o f an adaptive , low pho to re sp ira to ry
s ta te  in  response to  low carbon concentra tions. V values were r max
s l ig h t l y ,  but s ig n i f i c a n t ly  h igher (p<0.001) a t pH 8 compared to  pH 4. 
While CO2 u t i l i z a t i o n  a t pH 8 could account fo r  most o f the observed
photosynthetic  ra tes , an HCO^  component was present, suggesting two
separate tra n sp o rt  systems fo r  HCO^  and CC^aq) in  Elodea. The 
a c t i v i t y  o f RUBISCO (160.3 pmol*mg Chi "**h "*) was one o f the highest 
reported values fo r  aquatic  macrophytes. R e la t iv e ly  low leve ls  o f  the
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p-carboxy la t ing  enzymes (PEPcase, 24.1 pmol*mg Chi "**h ; PEPckase,
38 pmol-mg Chi ^*h were observed; suggesting th a t  1ight-independent 
f i x a t io n  o f carbon in  Elodea was minor. The RUBISCO/PEPcase r a t io  was 
6.6; in d ic a t in g  th a t  Elodea was s im i la r  to  M yriophyl1 urn sp. in  pos­
sessing a phys io log ica l adaptation to  low CC^  leve ls  which are 
hypothesized to  inc lude carbonic anhydrase (CA) and an a c t ive  t ra n s ­
po rt system fo r  HCO^  • CA leve ls  were s u rp r is in g ly  low in Elodea
(14.2 EU-mg Chi "'). Conclusive evidence fo r  a bicarbonate a c t ive
14tra nsp o rt system was obtained in  short term (5-80 s) H CO^  uptake
14studies in  isotope d is e q u i l ib r ia  experiments. H CO^  was removed
ra p id ly  from the medium and the accumulation o f to ta l  la b e l ,  f ixe d
carbon (a c id -s ta b le ) ,  and an in te rn a l Cy pool ( a c id - la b i le )  over time
14 -was s im i la r  to  o ther s tud ies in vo lv in g  H CO^  tra n sp o rt  in  u n ic e l lu la r
algae. In te rn a l Cy and estimated in te rn a l CC^  concentrations were
high (40-80 mM Cy,  1-2 mM CO2) and well above minimum values (40 pM
fo r  CO2 ) required to  promote ca rboxy la tion  over oxygenation a t RUBISCO.
The high in te rn a l concentra tions (accumulated against a g rad ien t)  were
in d ic a t iv e  o f the expenditure o f metabolic energy during a c t ive  tra n s -
14port. Metabolic i n h ib i t o r  s tud ies ind ica ted  th a t  H CO^  tra n sp o rt  
required a proton-motive force (PMF) a t the plasmalemma, a func t iona l 
ATPase to  generate the PMF, and poss ib ly  a CA-like moiety attached to 
the t ra n sp o r t  p ro te in .  Transport was not se n s it ive  to  the absence o f 
bu ffe rs  in  the assay medium. Elodea formed (randomly) acid and a lka­
l in e  regions on the le a f  surface when i l lu m in a te d  in  the presence of 
HCOg . The model o f Lucas (1985) promoting a HCO^  -H+ symport driven 
by an ATPase generated PMF as a t ra n sp o r t  system describes the re su lts  
b e t te r  than the external a c id i f i c a t io n  HCOg conversion to  CO2 (w ith
124
subsequent d i f fu s io n  inward) model o f Walker (1985) which also re ­
quires a fu nc t io na l ATPase. The data a lso support the hypothesis th a t  
HCO^  and CO^Caq) enter the c e l ls  in  the le a f  by separate t ra n sp o r t  
systems. Elodea is  p a r t i c u la r ly  well su ited  fo r  use in  an aquatic 
treatment system, where CO2 and HCO^  are poss ib ly  growth l im i t i n g ,  in  
th a t both CO2 and HCOg are used in  photosynthesis. CC^  is  the pre­
ferred source o f inorgan ic  carbon; but the HCO^  ac t ive  t ra n sp o r t
system serves to  provide high concentrations o f CO2 a t RUBISCO when
“ 8external CO2 concentrations are low (10 M) and only HCO^  is  
ava ilab le  fo r  t ra n sp o rt .
In tro d u c t io n
Aquatic macrophytes p lay an important ro le  in  promoting n u t r ie n t  
transformations and removal in  aquatic  macrophyte-based aquatic  t r e a t ­
ment systems designed to  remove organic and inorgan ic  co ns t itue n ts  
from wastewater. The macrophytes provide surface area fo r  e p iph y t ic  
m icrob ia l heterotrophs and n i t r i f i e r s  to  a ttach  to  and promote organic 
carbon and ammonia o x id a t ion . They also provide d isso lved oxygen 
(DO), produced during photosynthesis, which the heterotrophs and 
n i t r i f i e r s  requ ire  to  ox id ize  t h e i r  respective  substra tes. At n ig h t ,  
when dark p la n t re s p ira t io n  occurs, DO values drop to  q u ite  low leve ls  
(<2 mg*L ^) which helps promote d e n i t r i f i c a t i o n  o f the n i t r a te  formed 
by n i t r i f i e r s  during ammonia o x ida t ion . F in a l ly ,  p la n t  p ro d u c t iv i ty  
plays an important ro le  in  removing n u tr ie n ts  through p la n t  uptake.
An energized plasmalemma membrane s ta te ,  energized in d i r e c t l y  by 
photosynthetic  e lec tron  t ra n sp o r t  and the p ro v is io n  o f  ATP, provides 
cond it ions which are thermodynamically fe a s ib le  fo r  the accumulation
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(against a concentra t ion  g ra d ie n t)  o f  inorgan ic  n itrogen and phos­
phorus. Research has been conducted on the photosynthe tic  charac ter­
is t i c s  o f a v a r ie ty  o f submergent macrophytes (L loyd e t  a l . ,  1977; Van 
e t a l . ,  1976; Salvucci and Bowes, 1983a & 1983b; Browse e t a l . ,  1979; 
Stimpson e t a l . , 1980) inc lu d in g  Myriophyllum s p . , Hydri11a v e r t i c i l  l a t a , 
Potamogen s p . , Egeria densa, and El odea canadensis. There has been no 
research conducted, however, on the photosynthe tic  c h a ra c te r is t ic s  o f 
submergent macrophytes grown in  aquatic  treatment systems despite  
t h e i r  obvious importance to  the treatment process.
Factors A f fe c t in g  Carbon Acqu is t ion  and F ixa t io n
Three fac to rs  p lay an important p a r t  in  l im i t in g  the photo­
syn the tic  success o f aquatic  phototrophs. F i r s t ,  inorgan ic  carbon 
( C y )  is  essentia l to  the photosynthe tic  process. In freshwater 
environments, Cy can vary from 10 pM ( l im i t i n g )  to  2500 pM 
(s a tu ra t in g )  (Raven, 1984). The spec ia tion  o f the various components 
o f Cy (H2C03 , C02(aq ), HC03 , and CO^  ) is  sub ject to  chemical equ i­
l i b r i a  co n s tra in ts  and is  pH dependent. C02(aq) is  the p r in c ip a l  
species used by aquatic  phototrophs during photosynthesis.
Second, the d i f fu s io n  c o e f f ic ie n t  o f  the aqueous C02 molecule is ,
however, 10^ times sm aller than i t s  gaseous counterpart (10  ^ cm^ s ^
-5 2 -1versus 10 cm *s ). The v is c o s i ty  o f  water, coupled w ith  the 
re s t r ic t io n s  th a t  f l u i d  boundary layers impose a res is tance to  
d i f fu s io n  (Walker, 1985), ind ica te  th a t  the a c q u is i t io n  o f C02(aq) fo r  
photosynthesis may be r a te - l im i te d  by pure ly  d i f fu s io n a l  co n s tra in ts .
To compound th is  problem, the dehydration k in e t ic s  whereby HC03 may 
act as a source o f  C02(aq) are so slow as to  be ra te  l im i t in g  to  
photosynthesis (Raven, 1984).
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The f in a l  fa c to r  e n ta i ls  a b r ie f  d iscussion o f carbon f i x a t io n  in  
photosynthetic  organisms. The p r in c ip a l  enzyme in  t e r r e s t r i a l  p lan ts  
which mediates the reduction o f inorgan ic  carbon (CC^) to  simple 
carbohydrates is  the ca rboxy la ting  enzyme D-ribu lose-1 ,5-b isphosphate  
carboxylase/oxygenase (RUBISCO). Under normal cond it ions RUBISCO 
catalyzes the conversion o f r ibu lose-1 ,5 -b isphosphate  (RUBP) to  two 
molecules o f 3-phosphogycerate ( 3 -PGA) v ia  the fo l lo w in g  reac tion  
(Kerby and Raven, 1985): RUBP + CC^  + -* 2(3-PGA). Photosynthetic
organisms which employ RUBISCO as th e i r  major ca rboxy la ting  enzyme 
e x h ib i t  pho tosynthe tic  c h a ra c te r is t ic s .  Under cond it ions o f  high 
oxygen concentra tions and low CO2 concentra tions, t y p ic a l l y  when 
photosynthetic  a c t i v i t y  is  h igh, RUBISCO acts as an oxygenase and 
pho to resp ira t ion  occurs when RUBP is  ox id ized to  3-PGA and 2- 
phosphoglycolate (2-PGY) by the fo l lo w in g  reac tion  (Kerby and Raven,
1985): RUBP + 0 2 ^  3-PGA + 2-PGY. The t h i r d  fa c to r  the re fo re  is  th a t
pho to resp ira t ion  sho rt c i r c u i t s  photosynthesis by ac ting  as an energy 
sink fo r  the ATP and NADPH generated during c y c l ic  and noncyclic  
e lec tron  t ra n sp o r t  in  photosystems I I  (PS I I )  and in photosystem I (PS 
I )  and PS I I ,  re sp e c t ive ly  in  the c h lo ro p la s t membranes.
P ho to resp ira t ion  has exerted evo lu tiona ry  pressures on photo­
trophs so th a t  two other photosynthe tic  c la s s i f ic a t io n s  have 
developed. C^ photosynthesis is  l i g h t  independent and requires d i f ­
fe re n t ia t io n  o f photosynthe tic  t issue  in to  mesophyll and bundle sheath 
c e l ls  (Kranz c e l l s ) .  B r ie f l y ,  in  the mesophyll c e l l ,  C  ^ phos- 
phoenolpyruvate (PEP) is  carboxylated to  C  ^ oxaloacetate (OAA) by 
phosphoenolpyruvate carboxylase (PEPcase) in  the reac tion : PEP + HCOg
+ H20 -> OAA + inorgan ic  phosphorus. OAA is  enzym atica lly  converted
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(NADP-malate dehydrogenase, aspartate am inotransferase) to  o ther 
acids (no tab ly  malate and asparta te ) which d i f fu s e  in to  the bundle 
sheath c e l l  where they are decarboxylated by NAD+ malic  enzyme, NADP+ 
malic enzyme or phosphoenolpyruvate carboxykinase (PEPckase) thus 
prov id ing  a source o f CO2 f o r  RUBISCO. The decarboxylated acid 
(now a ac id ) d if fu se s  in to  the mesophyll c e l ls  where i t  is  
eventua lly  converted to  PEP to  a n a p le ro t ic a l ly  renew the cycle  
(Edwards e t  a l . ,  1985; Ray and Black, 1979). p lan ts  are usua lly  
more productive than p la n ts  and photosynthesis is  g rea ter in  
p lants a t h igher temperatures (Edwards and Huber, 1981). Crassulacean 
acid metabolism (CAM) is  the th i r d  form o f photosyn the t ic  c l a s s i f i ­
ca tion . Carbon f i x a t io n  occurs in  the dark, as PEPcase carboxylates 
PEP to  form OAA and (subsequently, v ia  malate dehydrogenase) malate. 
CAM p lan ts  e x h ib i t  an increase in  t i t r a t a b le  a c id i t y  a t n ig h t because 
o f the synthesis o f these organic acids. The C  ^ acids are de- 
carboxylated by NAD malic  enzyme, NADP malic enzyme, and phos­
phoenolpyruvate carboxykinase (PEPckase). The derived CO2 is  then 
used during the day as an in te rn a l  source o f CO2 fo r  CAM p la n ts ,  which 
ty p ic a l l y  l i v e  in  hot, a r id  environments and s u f fe r  water s tress i f  
CO2 is  obtained, v ia  the stomata, from the atmosphere during the day 
(T ing, 1985; Osmund and Holtum, 1981).
Aquatic photosynthe tic  organisms do not ca tegorize  to  the schemes 
l is te d  above (Bowes, 1985; Rave, 1984; Kerby and Raven, 1985). While 
RUBISCO is  the predominant carboxylase (Raven e t a l . ,  1985), there is  
a great deal o f evidence th a t  PEPcase and PEPckase (p -carboxy lases , 
PEPckase v ia  the reac tions : PEP + HCO^  + ADP -* OAA + ATP) play
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important ro les in  l i g h t  independent carbon f i x a t io n  (Bowes, 1985;
Raven, 1984) despite  the absence o f Kranz anatomy. Because RUBISCO is  
the major carboxylase, p ho to re sp ira t io n  occurs in  aquatic p lan ts  
(Bowes, 1985). Hence, these aquatic organisms s u f fe r  from photo­
syn the tic  short c i r c u i t i n g .  A number o f mechanisms have evolved to 
keep the v e lo c i ty  o f  ca rboxy la tion  (V ) g rea ter than the v e lo c i ty  o f 
oxygenation (V ). A VC/V Q r a t io  o f  9, which is  optimal fo r  energy 
balances during photosynthe tic  carbon reduction  requires an in te rn a l 
CO2 concentration g rea te r than 30 pM (Raven, 1984). The evolved 
adaptive mechanisms in aquatic  photosynthe tic  organisms, employing 
e ith e r  a c t ive  t ra n sp o r t  systems or p-carboxylase enzyme systems to  
maintain high in te rn a l  CO2 concen tra t ions, are discussed below.
Microalqae and Cyanobacteria
When these u n ic e l lu la r  organisms are t ra n s fe rre d  from high CO2 
conditions (5%) to  low CO2 cond it ions  (0.03%, a i r  le v e ls ) ,  adaptions 
take place which a llow  the organisms to  continue to  a ss im ila te  in ­
organic carbon, despite  i t s  decreased (166 X) a v a i l a b i l i t y .  Organisms 
exposed to  low CO2 cond it ions  (L c e l ls )  synthesize an induc ib le  enzyme, 
carbonic anhydrase (CA), which cata lyzes the in te rconvers ion  o f HCOg 
and ( ^ ( a q )  ( Isuzuk i e t a l . ,  1985; Findenegy, 1976; Hogetso and M iyach i, 
1979; Miyachi e t a l . ,  1983; Reed and Graham, 1977; Spaulding e t a l . ,  
1983; Miyachi e t a l . ,  1985). I t  is  hypothesized th a t  the synthesized 
CA converts HCO^' to  ^ ( a q )  e i th e r  e x te rn a l ly  in  the boundary layer 
(see Figure V I - 1 A ) , as i t  crosses the plasma membrane (see Figure 
VI-1B), or w ith in  the ch lo ro p la s t  i t s e l f  (see Figure VI-1C). The 
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Figure VI-1, (a) Inorgan ic carbon a c q u is i t io n  in  microalgae (Miyachi e t 
a l . ,  1985); (b) HCO^  t ra n sp o r t  in  Anabaena (Kaplan e t 
a l . ,  1985); (c )  CO2 and HCO^  t ra n sp o r t  in  microalgae 
(Miyachi e t  a l . ,  1985).
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membranebound p ro te ins  by some L c e l ls  which a c t iv e ly  t ra n sp o r t  HCOg 
from the external medium across the c e l l  membrane and in to  the cytoplasm 
(Kaplan e t a l . ,  1985; Ogawa e t a l . ,  1985). This carbon concentra ting  
mechanisms serves to  increase the ( ^ ( a q )  concentra tion  a t RUBISCO.
The e legant s i l i c o n  o i l  c e n tr i fu g a t io n  technique developed by 
Badger, Kaplan, and Berry (1977, 1978, 1980) fo r  photosynthe tic  m icro­
organisms has helped fu r th e r  the study o f L c e l ls  and determine in te rn a l
CO2 concentrations a t RUBISCO). The c e l ls  are incubated in  ce n tr i fu ge
14 - 14tubes in  the presence o f pure H CO^  (o r  CO2 ) fo r  very short periods
(5-80 s). The c e l ls  are then separated from the medium very ra p id ly
by high bpeed c e n t r i fu g a t io n  through a s i l i c o n  o i l  laye r in to  an
a lka l in e  k i l l i n g  s o lu t io n .  The method allows fo r  both very short term
14uptake measurements ( in te rn a l  C concen tra tions) and subsequent c e l l  
c o l le c t io n  in  the presence o f a pure specie o f  labeled carbon.
I f  the volume o f c e l ls  and the in te rn a l cytoplasmic pH are known, 
then the d if fe re n c e  between the to ta l  concentra t ion  o f label and the 
concentration o f a c id -s ta b le  f ixe d  carbon represents the a c id - la b i le  
in te rna l inorgan ic  carbon concentra tion  which can be p a r t i t io n e d  in to  
[COg] and [HCO^]. Results have ind ica ted  th a t  the in te rn a l  inorgan ic  
carbon concentra t ions ( a c id - la b i le )  are much h igher in  L c e l ls  than in  
H c e l ls  (2-3 t im es ), and th a t  in te rn a l CO2 concentrations in  L c e l ls  
are higher than exte rnal concentra tions (2-1000 times).
The specie and mechanisms whereby inorgan ic  carbon crosses the 
plasma membrane are co n tro ve rs ia l  (Lucas and Berry, 1985; V o la k i ta ,  e t 
a l . ,  1984; Kaplan, 1985; Moroney and T o lb e r t ,  1985). In Anabaena 
v a r ia b l i s , S.ynechcoccus sp. , and Coccochloris pen iocys tis  an HCOg 
active  t ra n sp o r t  system e x is ts  ( M i l l e r  and Colman, 1980a and
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1980b; Badger, 1985). Miyachi e t a l .  (1985) and Kaplan (1985) have 
suggested th a t  c a r r ie rs  are present which bind both HCOg and ( ^ ( a q ) .  
The d ire c t  f a c i l i t a t e d  d i f fu s io n  o f CO2 is  also thought to  operate 
(Moroney and T o lb e r t ,  1985). The work o f L'gawa e t a l . (1985) has 
shown th a t  a c t ive  tra n s p o r t  o f  inorgan ic  carbon in  Anabaena and 
Anacystis involves energy derived from c y c l ic  e lec tron  f low  from 
photosystem (PS I ) .  Other important phys io log ica l changes in L c e l ls  
include an increase in  the number o f  m itochondria and th e i r  loca t ion  
adjacent to  the plasma membrane, an a l te ra t io n  in  c e l l  wall s t ru c tu re ,  
and change in the a c t i v i t i e s  o f PS I and PS I I  (see Kaplan, 1985).
Thus L c e l ls  have evolved a c t ive  t ra n sp o r t  and induced enzyme systems 
which can tra n s p o r t  e i th e r  (o r  both) ( ^ ( a q )  and HCOg (w h ile  poss ib ly  
ca ta lyz ing  t h e i r  in te rconve rs ion )  so th a t  the CO2 (aq) concentra tion  
a t RUBISCO is  g rea ter than the 30 pM requirement (see Raven, 1984).
Charophytes
The g ia n t in te rnoda l c e l ls  o f the Charophyceae ( Chara s p . ,
N i te l la  s p . ) are po la r ized  (Lucas, 1982 and 1983) in  th a t  s p a t ia l ly  
d isc re te  acid and a lk a l in e  regions can be v isu a l ized  (w ith  pH 
se ns it ive  dyes) on the internode surface. The acid regions invo lve 
proton ex trus ion  by plasmalemma-bound ATPases and the a lk a l in e  regions 
invo lve OH ex trus ion . As shown in  Figure V I-1 d , the acid regions are 
where HCO^  is  a c t iv e ly  transported , v ia  a proton symport, in t r a -  
c e l lu la r l y  in  con junction  w ith  a proton. The bicarbonate ion is  then 
dehydroxylated and the OH is  removed by a passive u n ipo rt in  the 
a lka l in e  region (Lucas, 1985). Recently, the work o f Price e t a l.  
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1 ( c o n t . ) (d) HC03 -H symport (co tra n sp o r t)  in  Chara (Lucas, 
1985); (e) plasmalemmasome involvement in  carbon 
a q u is i t io n  by Chara (P r ice  e t  a l . ,  1985).
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high ATPase a c t i v i t y  in  spec ia l ized  regions o f the plasmalemma (P rice  
and Whitecross, 1982 and 1983). These spec ia lized  reg ions, shown in  
Figure V I - le ,  are h igh ly  ves icu la ted  invag ina t ions  in  the plasmalemma 
(termed plasmalemmasomes or PLS) where ATPase a c t i v i t y  is  h igh, protons 
are extruded, in d ic a to r  dies ind ica te  a c id ic  reg ions, and HCO^  u t i l i z a ­
t io n  is  high. In t h e i r  model, HCO^  is  thought to  be u t i l i z e d  d i r e c t ly  
(v ia  a symport), or in d i r e c t l y  a f te r  dehydration to  C02 under the low 
pH condit ions or by enzymatic a c t i v i t y  (CA). Thus, in  some models, 
charophytes have evolved an HCO^  ac t ive  t ra n sp o r t  system (w ith  pro­
v is ions to  remove OH ) to  increase the C02(aq) concentra tion  a t RUBISCO. 
In o ther models, the involvement o f an induc ib le  CA component 
( p a r t ic u la r ly  i n t r a c e l l u la r ly )  has been shown (P r ice  e t a l . ,  1985).
Some controversy does e x is t ,  however, in  th a t  some researchers (Walker, 
1983; Walker e t a l . ,  1980) advocate th a t  the ATPase induced a c i d i f i ­
cation o f  the PLS is  s u f f i c ie n t  to  promote rap id  dehydration o f HCO^  
to  C02(aq), w ith  C02(aq) being the only carbon specie th a t  t ra n s ­
locates across the plasmalemma.
Aquatic Macrophytes
Some aquatic vascular p lan ts  ( Potamogeton sp. , Elodea canadensis) , 
l ik e  the charophytes, produce acid and a lk a l in e  regions on t h e i r  lower 
and upper le a f  surfaces, re spec t ive ly  (see Figure V I-1 f ). Theories 
have been advanced (Prins e t a l . ,  1979, 1980, 1982; Prins and Helder, 
1985) which support the ro le  o f a c id i f i c a t io n  o f  the boundary laye r in  
converting HCO^  to  C02(aq ); they are id e n t ic a l  to  the one proposed by 
Walker e t a l.  (1980) regarding the PLS in  charophytes. As Raven
(1984) notes, however, the a c id i f i c a t io n  is  also cons is ten t w ith  the 
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Aquatic macrophytes also e x h ib i t  o ther phys io log ica l changes to  
low ( ^ ( a q )  concentra tions in  t h e i r  environment. Under cond it ions 
when pho to re sp ira t io n  predominates some macrophytes ( Hydri11a 
v e r t i c i 1 l a t a , Myriophyllum s p . , Egeria densa) decrease t h e i r  CC^  
compensation p o in t  (F) to  q u ite  low le v e ls ,  thus in d ic a t in g  th a t  some 
adaptive mechanism is  present which helps to  increase the CC^Caq) 
concentration in te r n a l ly  and decrease the ^ (C C ^) fo r  photosynthe tic  
oxygen e vo lu t ion  (Ascenisco and Bowes, 1980; Salvucci and Bowes, 1981, 
1983a, 1983b, 1984; Holaday e t a l . ,  1983; Bowes, 1985; Bowes and 
Salvucci, 1984). In Hydri11a, the low pho to resp ira to ry  s ta te  (low PR) 
is induced when high leve ls  o f phosphoenolpyruvate carboxylase (PEPcase) 
form so th a t  PEPcase (which f ix e s  HCO^  ) becomes the predominant 
carboxy la ting  enzyme (RUBISCO/PEPcase < 1). Pulse chase experiments 
w ith  Hydri11a, and other macrophytes, ind ica te  th a t  acid synthesis 
(from PEPcase) occurs (Holaday and Bowes, 1980; Brown e t  a l . ,  1974; 
DeGroote and Kennedy, 1977). The acids subsequently decarboxylate 
and serve as a CO2 source fo r  RUBISCO, thus increasing the CO2 con­
ce n tra t ion  a t RUBISCO. In MyriophylTurn s p . , however, RUBISCO/PEPcase 
ra t io s  stay high (> 9) when r  is  low but increased CA a c t i v i t y  occurs 
(Salvucci and Bowes, 1983) and a HCO^  t ra n sp o r t  system has been 
hypothesized as a mechanism fo r  increasing the CO2 concentra tion  a t 
RUBISCO (Salvucci and Bowes, 1983).
The purpose o f th is  research was to  inve s t ig a te  the photo­
syn the tic  c h a ra c te r is t ic s  o f Elodea n u t ta l1i i . Elodea.n u t t a l l i i  is  an 
important component in  aquatic treatment systems (see Chapters I I -V )  
ye t l i t t l e  is  known about i t  p h o to syn th e t ica l ly .  The re s u lts  ind ica te  
the El odea n u t ta l1i i is  a p h o to syn th e t ica l ly  robust and adaptive
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macrophyte which p re fe rs  Ct^Caq) but which employs an a c t ive  t ra n sp o r t  
system (H^HCO^ symport) to  accumulate HCO^  when Cf^Caq) concentra­
t ion s  are low. These c h a ra c te r is t ic s  make i t  a su ita b le  candidate in  
aquatic treatment systems where CC^Caq) and HCO^  concentra tions are 
va r ia b le  and usua lly  low enough to  be p h o to syn th e t ica l ly  l im i t in g .
M a te r ia ls  and Methods
Aquatic Macrophyte
El odea n u t t a l l i i  (P lanch.) St. John, "waterweed", was o r ig in a l l y
obtained from the Old Durham Reservoir, Durham, NH. The macrophyte
2
had been grown in  120 L reactors  (1 m surface area) in  a greenhouse
a t the Durham Wastewater Treatment F a c i l i t y  fo r  the previous 2 years
(September 1983 to  September 1985). The reactors received 100% primary
e f f lu e n t  and t h e i r  hyd rau lic  de ten tion  times were 4.2 d. The reactors
3 -1were mixed completely w ith  d if fu se d  a i r  (0 .15-0.30 m -h ). P la s t ic  
mesh was placed h o r iz o n ta l ly  in  the reac to r (0 .3  m below the surface) 
to  support the p la n t  fragments in  the water column. The shoots con­
t in u a l l y  synthesized roots which extended down in to  the unconsolidated
sediments in  the bottom o f the reac to r. Standing crops were main-
- 2ta ined a t 2.5 kg wet wt*m by harvesting the biomass every 2-4 weeks. 
The greenhouse was heated to  maintain w in te r  temperatures about 10°C. 
This study was conducted between August 1985 and December 1985.
Diurnal Water Column Study
Changes in  pH, inorgan ic  carbon spec ia t ion , in c id e n t photon 
fluence ra te  (PFR), temperature, and d isso lved oxygen (DO) were moni­
tored hourly  over the course o f  a day (before  sunrise and past sun-
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se t). In c id en t PFR was measured w ith  a Lambda L ico r L l-185 quantum 
photometer and meter. DO was measured w ith  a YSI 57 oxygen e lectrode 
and meter. Temperature was measured w ith  an ASTM thermometer. Because 
the reactors were well mixed, water grab samples were taken 5 cm below 
the surface from the center o f the reac to r. pH was measured by ion 
s p e c if ic  e lectrode (Orion Corp., Cambridge, Mass.) which was stan­
dardized using temperature acclimated bu ffe rs  and appropria te  temper­
ature corrected adjustments to  the iso p o te n t ia l  s e t t in g  on the meter 
as described by the manufacturer. Total a l k a l i n i t y  was measured using 
an a n a ly t ic a l  grade bu re tte  (20 gradations per ml) and a pH endpoint 
o f 4.3 (APHA, 1985). Since sampling was conducted on an hourly  bas is , 
e q u i l ib r iu m  cond it ions were assumed to  e x is t  and temperature corrected
pK i , pK, 9 , and pK values were used to  ca lcu la te  [H+] ,  [OH ] ,0 ) i q )^ w
[C C ^a q ) ] ,  [HCO-j ] ,  and [C 0 ^  ] (B u t le r ,  1982). A c t i v i t y  c o e f f ic ie n ts  
were assumed to  be u n ity .
Oxygen Electrode Studies
A Rank Brothers oxygen e lectrode (Rank Brothers, Cambridge, U.K.) 
was used to  measure photosynthe tic  oxygen e vo lu t ion  as a fu n c t io n  o f 
l i g h t  (PFR), pH, and Cy ( the  inorgan ic  carbon concen tra t ion ).  A l l  
studies were conducted a t 25°C. The reac tion  vessel was i r ra d ia te d  
w ith  a focused l i g h t  source. The PFR was adjusted by vary ing  the 
voltage to  the lamp or the distance from the source to  the vessel.
PFR was measured over the ce n te r l in e  o f the s t i r r i n g  device when the 
vessel was absent. Assays were conducted between 8 a.m. and 3 p.m. as 
decreases in  photosynthe tic  oxygen evo lu tion  were observed la te r  in  
the day. Ten leaves from the ap ica l p o r t ion  (top 8 cm o f shoot) were
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immersed in  b u f fe r  (2 ml f in a l  volume, 1.1 to  1.3 x 10 mg to ta l  
chlorophyl 1 *ml "*). A f iv e  to  ten min p re incubation  period was usua lly  
required fo r  the leaves to reach th e i r  CO2 compensation p o in t .  Photo­
synthesis was in i t i a t e d  by in je c t io n  o f appropria te  volumes o f con­
centrated stock Cy.
Photosynthesis versus PFR studies were conducted a t pH 4.5 (35 mM 
c itra te -p h o sp h o r ic  acid b u f fe r )  w ith  a sa tu ra t ing  Cy o f 0.6 mM (HC03 ,
8 pM; ^ ( a q )  591 pM) and a t pH 8.0 (35 mM Tris-HCl b u f fe r )  w ith  a 
sa tu r ing  Cy o f 25 mM (24,350 pM HCO^  ; 547 pM ^ ( a q ) ) .  The methods 
used were s im i la r  to  those reported by Van e t a l.  (1976) and Simpson 
e t a l.  (1980). Because o f the b u f fe r in g  capacity  o f the stock Cy 
so lu t io n ,  equ iva len t so lu t ions  o f HC1 were added immediately p r io r  to 
the a d d it io n  o f Cy during the low pH stud ies. A l l  runs were done in  
t r i p l i c a t e .  L igh t compensation po in ts  were determined by ex trap o la ­
t io n  between dark and low PFR v e lo c i t ie s  o f oxygen evo lu tion .
Photosynthsis versus Cy stud ies were conducted a t pH values o f
4.5 and 8.0 using the techniques described above. Sa tura ting  l i g h t  
- 2  -1leve ls  (1200 pE*m *s ) were used. A l l  runs were done in  t r i p l i c a t e .
Estimates o f Vmax, the maximum v e lo c i ty  o f photosynthe tic  oxygen
e vo lu t io n , and K , the h a l f - s a tu ra t io n  a f f i n i t y  constant, were made ’ m J
a f te r  l in e a r iz a t io n  o f the data (Eadie-Hofstee p lo t ) .  CO2 compensation 
po in ts  were determined by e x tra p o la t io n . Total ch lo rop h y ll  (Chi) was 
determined using an N,N-dimethylforamide e x tra c t io n  (Moran and Porath, 




Enzymes involved in  inorgan ic  carbon t ra n sp o r t  and f ix a t io n  were 
assayed in El odea n u t t a l1i i . Carbonic anhydrase (CA, EC4.2.1.1) was 
determined according to  the methods o f Salvucci and Bowes (1983) and 
Hogetsu and Miyachi (1979). P lant e x trac ts  were made by g r ind ing  1 g 
wet wt o f p la n t m ateria l in  5 ml o f e x tra c t io n  b u f fe r  a t  0°C. The 
ex tra c t io n  b u f fe r  contained 25 mM Tris-HCl (pH 8 .5 ) ,  5 mM d i t h io th e i t o l  
(DTT), 0.1 mM Na2 EDTA, and 2% w/v po lyv iny lp ropy lene  (PVP-40). A f te r  
g r ind ing , a l iq u o ts  were taken fo r  Chi determ inations, and the homo- 
genate was cen tr i fuged  in  glass te s t  tubes a t 10,000 g a t 4°C. The 
supernatant was assayed immediately fo r  CA. Boiled and cooled super­
natant ex tra c ts  were used to  measure the non-enzymatic ra te  o f CO2 
hydration. P re ch il le d  apparatus (pH probe, 10 ml te s t  tube, s t i r  bar) 
were always used. 500 pi o f supernatant was added to  5 ml o f 50 mM 
Veronal b u f fe r  (pH 8 .3 ) which was immersed in  an ice bath a t 4°C.
A fte r  5 min, CO2 saturated water (5 ml) was added to  the te s t  tube and 
the time fo r  the pH to  drop from 8.3 to  7.3 was recorded. Enzyme 
a c t i v i t y  was expressed as enzyme u n its  (EU) where EU = 1 0 ( t ^ / t  -1 ) ,  
and t^  and t  represent elapsed time (s )  fo r  the pH change w ith  bo iled  
and regu la r e x tra c ts ,  re sp ec t ive ly .
D -r ibu lose-1 ,5-b isphosphate  carboxylase (RUBISCO, EC4.1.1.39) was 
assayed in  i t s  ac t iva ted  form (Lorimer e t a l . ,  1977) using the methods 
of Van e t a l . (1976) and Salvucci and Bowes (1981). P lant ex trac ts  
were made by g r id in g  0.5 g wet wt o f t is su e  in  5 ml o f a cold (4°C) 
e x tra c t io n  b u f fe r  co ns is t ing  o f 50 mM Tris-HCl (pH 8 .5 ) ,  10 mM MgC^, 
0.1 mM Na2 EDTA, 5 mM D-isoascorbate, 2% (w/v) PVP-40, and 5 mM DTT.
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A liquots  were taken fo r  Chi determ inations. The homogenate was then
centr ifuged a t 10,000 g fo r  5 min a t 4°C. The ca rboxy la tion  assays
were conducted in  2 ml enzyme assay v ia ls ;  the assay volume was 500
p i.  The b u f fe r  fo r  the carboxylase assay (C02~free) contained 50 mM
Tris-HCl (pH 8 .5 ) ,  10 mM MgCl2 , and 5 mM DTT. 400 p i o f b u f fe r ,  50 pi 
14of 0.2 M NaH C0g, and 40 pi o f supernatant were mixed in  the v ia l  
(25°C) and preincubated fo r  3 min. 10 pi o f 0.02 M r ib u lo s e -1 ,5 , -  
bisphosphate (RUBP) was in je c te d  in to  the v ia l  to  i n i t i a t e  the 
incubation. The concentra tion  o f label was 20 mM and RUBP was 0.4 mM. 
Incubations ran fo r  3 min and were terminated w ith  100 pi o f 2N HC1. 
A liquots  were placed in  p la s t ic  s c i n t i l l a t i o n  v ia ls  and put in  a 
vacuum dessiccator fo r  30 min to  remove unfixed la b e l.  The samples 
were amended w ith  50 pi o f PMT (1 phenethylamine:1 methanol:2 to luene) 
to f a c i l i t a t e  l iq u id  s c i n t i l l a t i o n  counting (Jahnke, 1985). A l l  
samples were counted in  4 ml o f Baker Hydracount using a Beckman LS 
7000 l iq u id  s c i n t i l l a t i o n  counter. Enzyme a c t i v i t y  was reported as 
pmol C f i x e d ’ mg Chi ^-h V
Phosphoenolpyruvate carboxylase (PEPcase, EC 4 .1 .1 .3 1 )  was 
assayed according to  the methods o f Van e t a l.  (1976) and Salvucci and 
Bowes (1981 and 1983). P lant ex trac ts  were made by g r in d ing  0.5 g wet 
wt o f p la n t t issue  in  5 ml o f  an e x tra c t io n  b u f fe r  con ta in ing  50 mM 
HEPES-KOH (pH 7 .3 ) ,  10 mM MgCl2 , 0.1 mM Na2 EDTA, 5 mM DTT, 5 mM 
D-isoascorbate, and 2% w/v PVP-40. The p la n t m ateria l was ce n tr i fuged  
as described fo r  the RUBISCO assay. The carboxylase assay b u f fe r  
(C02- f re e )  contained 50 mM HEPES-KOH (pH 7 .3 ) ,  10 mM MgCl2 , 0.1 mM Na2 
EDTA, and 5 mM DTT. 385 pi o f b u f fe r ,  50 pi o f 0.2 M NaH14C03 , and 40 
pi o f supernatant were mixed in  the v ia l  (25°C) and preincubated fo r  3
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min. Then 25 | jl o f  100 mM phosphoenolpyruvate (PEP) were in je c te d  
in to  the v ia l  to  i n i t i a t e  the incubation. The concentra tion  o f label 
was 20 mM and PEP was 5 mM. The incubations ran fo r  3 min and were 
terminated and trea ted  as described p rev ious ly  fo r  the RUBISCO assay.
Phosphoenolpyruvate carboxykinase (PEPckase, EC 4 .1 .1 .4 9 )  was 
assayed according to  methods o f Kremer and Kuppers (1977). The i n i t i a l  
procedures were id e n t ic a l  to  the PEPcase assay except th a t  10 mM MnC^ 
was sub s t itu ted  fo r  the 10 mM MgC12 in  the e x tra c t io n  b u f fe r  and 
carboxylase assay b u f fe r ,  and 5 mM Na-glutamate was included in  the 
carboxylase assay b u f fe r .  375 pi o f  supernatant and 10 pi o f 500 mM 
adenosine diphosphate (ADP) were mixed in  the v ia l  (25°C) and pre­
incubated fo r  10 min. The assay was begun by in je c t in g  25 pi o f  100 
mM PEP. The concentra tion o f label was 20 mM, PEP was 5 mM, and ADP 
was 10 mM. The incubations ran fo r  3 min and were term inated and 
treated as described p rev ious ly  fo r  the RUBISCO assay.
14Time Course fo r  Dehydration o f H CQq
14The a c t ive  t ra n sp o r t  and f ix a t io n  o f H CO^  by Elodea n u t ta l1i i
was inves t iga ted  using a technique developed fo r  Elodea leaves. The
technique is  analogous to  the s i l ic o n e  o i l  c e n t r i fu g a t io n  technique
developed by Badger, Kaplan, and Berry (1977, 1978, 1980) fo r  short
14 14 -term (5-80 s) uptake stud ies using e i th e r  CO2 or H CO^  ■ One o f
the p r in c ip le s  behind these techniques is  th a t  'pure la b e l1 (e i th e r  
14 14CO2 or H CO^) is  introduced to  the assay medium and the ra te  o f 
in terconvers ion (by hydration or dehydration) is  slow enough so th a t  
the concentration o f the labeled species which was added i n i t i a l l y  pre­
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dominates. Assays were conducted a t  pH 7.25, which is  close to  the 
optimum values fo r  slowing the ra te  o f dehydration o f HCOg" to  CC^
(see V o lok ita  e t  a l . ,  1983). To te s t  th is  hypothesis, a mathematical 
analysis o f the k in e t ic s  o f dehydration o f  HCO^  a t pH 7.25 was per­
formed. A f i r s t -  and second-order re ve rs ib le  reaction  was assumed and 
an in tegra ted  so lu t io n  was used to  solve fo r  the forward (V^) and 
backward (V^) reac tion  v e lo c i t ie s ,  the e q u i l ib r iu m  concentrations o f 
HCO^  and CC^Caq), and the percent o f isotope e q u i l ib r ia  as a fu n c t io n  
o f time. A d e s c r ip t io n  o f the mathematical analys is  is  given in  
Appendix 1.
Bicarbonate Transport Studies
Bicarbonate tra n s p o r t  and u t i l i z a t i o n  was inves t iga ted  in  Elodea
n u tta l 1 i i . A t ra n sp o r t  assay was developed so th a t  an in d iv id u a l le a f
could be held w ith  tweezers and then dipped in to  and ag ita te d  in  a
14b u ffe r  con ta in ing  on ly H CO^  as the inorgan ic  carbon source. The 
a g ita t io n  served to  minimize boundary laye r d i f fu s io n a l  res istances 
during the uptake s tud ies. A standard curve re la t in g  both le a f  volume 
(based e i th e r  on i t s  equ iva len t weight in  water or by dimensional 
ana lys is ) and le a f  Chi to  le a f  length was developed so th a t  the Chi 
content and le a f  volume (pL) o f an in d iv id u a l le a f  used in  the tra n s ­
port assay could be determined provided th a t  i t s  length were known.
The assays were conducted in 2 ml enzyme assay v ia ls .  A 25 mM HEPES- 
KOH b u ffe r  (pH 7.25) was used. The volume o f b u f fe r  plus H^CO^ was
200 p i.  This volume was s u f f i c ie n t  to  immerse completely the le a f .
14For most o f the assays H C0^ was used as the sole carbon source, 
though a t h igher carbon concentrations i t  was augmented w ith
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'c o ld '  HCO^  . P re lim inary  dye studies ind ica ted  th a t  the a d d it io n  o f 
equ iva len t volumes o f dye to  the b u f fe r  in  the v ia l  resu lted  in  complete 
mixing o f the so lu t io n .
The t ra n sp o r t  assays were conducted by adding the appropria te
volume o f CC^-free b u f fe r  to  the v ia l .  L igh t was d irec ted  onto the
v ia l  (1200 pE-m ^-s ^) ,  and the appropria te  volume o f stock NaH^CO^
was then in je c te d . The label was maintained in  a 25 mM HEPES-KOH
b u ffe r  (pH 8 .6 ) a t two stock concentra tions; 0.53 or 53 mCi/mmole 2.22 
4 6x 10 or 2.22 x 10 dpm/pl. A s ing le  le a f  (maintained a t i t s  
compensation p o in t)  was immersed immediately (w ith in  1 s) immersed 
in to  the so lu t io n  fo r  the appropria te  time period (5 , 10, 20, 40, 80 
s). A f te r  the incubation the le a f  was immediately t ra n s fe rre d  to  a 
p la s t ic  l iq u id  s c i n t i l l a t i o n  v ia l  con ta in ing  50 pi o f d iges tan t (1 
P ro to so l:2 EtOH) and counted. The concentra tion o f  label ins ide  the 
le a f was due to  both the acid s tab le  ( f ix e d )  and acid la b i le  ( in te rn a l  
pool) carbon transported  in to  the c e l ls  o f the le a f .  Boiled (30 s) 
con tro ls  (leaves o f the same length) were used to  measure the con­
cen tra t ion  o f label entra ined in  the water f i lm  around the le a f .
14NaH C0g f i x a t io n  assays (ac id  s tab le ) were conducted in  a s im i la r  
fashion except leaves were t ra n s fe rre d  to  v ia ls  con ta in ing  50 p i o f 
10% a ce tic  acid in  e thanol. The v ia ls  were placed under vacuum in  a 
des iccator to  remove unfixed labe l.  The concentra tion o f the label in  
the in te rn a l pool o f inorgan ic  carbon was determined by su b tra c t ing  
the f i x a t io n  v e lo c i t ie s  from the t ra n sp o r t  v e lo c i t ie s .  A l l  samples 
were counted in  4 ml o f Baker Hydracount using a Beckman LS 7000 
l iq u id  s c i n t i l l a t i o n  counter. P re lim inary  experiments ind ica ted  th a t  
bo iled  con tro ls  contained no a c id -s tab le  label and were thus e f fe c t iv e
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con tro ls . The i n i t i a l  a c t i v i t y  o f label in  the v ia ls  was assayed 
e ith e r  by ( i )  sampling a l iqu o ts  d i r e c t ly  a f te r  removal o f the le a f  i f  
short term assays were used, or by ( i i )  running concomitant blanks 
which were assayed ju s t  p r io r  to  the assay in  the te s t  v ia l  i f  longer 
assays were used. These methods were more accurate than using an 
estimated i n i t i a l  concentra tion  derived from the volume o f label used. 
A liquo ts  were t ra n s fe rre d  to  p la s t ic  l iq u id  s c i n t i l l a t i o n  v ia ls  con­
ta in in g  PMT and were counted as described above. A l l  data po in ts  
which were reported were the means o f 5 re p l ic a te s .
In h ib i t io n  Assays and Other Treatments
The e f fe c ts  o f  various ATPase in h ib i t o r s ,  uncouplers, e lec tron
transport in h ib i t o r s ,  CA in h ib i t o r s ,  externa l CA, b u f fe r  s treng th  and
darkness on bicarbonate t ra n sp o r t  and f ix a t io n  were inves t iga ted .
14Transport and f i x a t io n  assays were conducted a t  a H CO^  concentra­
t io n  o f 500 pM and the incubations were fo r  10 s. The concentrations 
of in h ib i to r s  and other treatment agents were based on the work o f 
McCarty (1980), Izawa (1973), Raven (1970), Badger and Andrews (1982), 
Moroney e t a l.  (1985), and K e ife r  and Spanswick (1979). The con­
cen tra tions  o f each treatm ent, as well as the pretreatment incubation 
time, are given in Table VI-4 in  the re s u lts  section. The methods 
used fo r  the assays were id e n t ic a l  to  the ones p re v io us ly  described.
Acid and A lka l ine  Boundary
The formation o f acid and a lk a l in e  regions on the le a f  s tru c tu re  
were inves t iga ted . The methods o f Spear e t a l . (1969) and Price e t 
a l.  (1985) were used to  locate s p a t ia l ly  acid and a lk a l in e  zones on
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the le a f  surface. A 1 mM phenol red so lu t io n  (sodium s a l t )  was aug­
mented w ith  NaHCO^  (10 mM) and methyl ce l lu lo s e  (30% v /v ) .  Leaves
were placed in  th is  so lu t io n  on a glass s l id e ,  and covered w ith  a
- 2  -1cover s l ip  and placed in  f r o n t  o f a l i g h t  source a t 1000 pE*m *s . 
Controls w ithou t NaHCO^  were also run. Both l i g h t  and dark periods 
(30 min each) were used to  examine proton and hydroxyl pumping by 
m e ta b o l ic a l ly -a c t iv e  leaves. Acid and a lk a l in e  regions were defined 
as ye llow  areas (pH < 6 .4 ) and red areas (pH > 8 .2 ) ,  re spec t ive ly .
Results
Diurnal Changes
The changes in  C y, CO2 (aq ), HCO^ , OH , CO.^ , and DO as a 
func tion  o f  photosynthesis and re s p ira t io n  by . iodea n u t t a l1i i  over 
pa rt o f a d iu rna l cycle  are shown in  Figure VI-2. The f ig u re  also 
shows sa tu ra t ing  concentrations o f PFR, HCO^  , and C02(aq) as de te r­
mined from subsequent research (see below). Table VI-1 shows the 
production or consumption o f chemical species invo lved in  photo­
synthesis. The data was derived by determining the slopes o f the
2-various traces describ ing  production (DO, OH , C0^ ) or consumption
(C y ,  HCO^ , CO2 ) from 6 a.m. to  2 p.m. Certa in  discrepancies are also 
noted regarding equivalency between Cy removed from the system and Cy 
used during photosynthesis, DO produced and Cy used during photo­
synthesis, and HCOg removed by photosynthesis and OH produced during 
photosynthesis. Table VI-1 also shows actual v e lo c i t ie s  o f HCOg ,
CO2 , and Cy removal as well as O2 e vo lu t ion  when 100% o f the p la n t 
biomass was a c t iv e ,  and hypothe t ica l v e lo c i t ie s  when 25% and 5% of the 















4 7  r
PFR
8 0 0  „C8 0 0
6 0 0




C 0 2 0H3
12pm 2  
T IM E
Figure VI-2. Diurnal changes in  CT , DO, pH, temperature, and
2in c id e n t PAR in a 1.0 m reac to r con ta in ing  2.5 Kg 
- 2
wet wt-m of Elodea n u t ta l1i i  in  August, 1985.
Also shown are PAR and C02(aq) sa tu ra t ing  concentra­
t io n s .
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Table V I-1. Production or Removal o f Cy, 02 , and OH* Over a D iurnal Cycle.










V e lo c ity c 
•h "1-mg C h i"1 
2e 3f
1. cT 720 ( - ) 8 90 - - -
2. HC03' 966 ( - ) 8 121 - - -
3. C032- 290 (+) 7 41 - - -
4- HC° 3‘  psn <2- 3>h 676 ( - ) 8 85 1.2 4.8 24.0
5. C02 ( a q ) psn 36 ( - ) 2 18 0.3 1.2 6.0
6' Cpsn< 4+5) 712 ( - ) 8 89 1.3 5.2 26.0
7. Discrepancy (1-6) 8 (+)
8- °2 psn 296 (+) 7 42 0.6 2.4 12.0
9. Discrepancy (8-6) -416 ( - )
10. OH* 280 (+) 8 35 - - -
11. OH" Lost9 290 (+ )
12‘ 0H’  psn (10+11) 570 (+) 8 71 1.08 4.3 21.6
13. Discrepancy (4-12) 106 (+)
aAssumes 120 L reactor.
h *)
M u ltip ly  value in  th a t column by 10 . 
cAssumes 2.5 Kg wet w t'tank  
d100% active  biomass. 
e25% active  biomass.
'5% active  biomass
^Equivalent to  COg2 produced because o f ( i )  HCO^  j  CO^ 2 + H+ and ( i i )  H+ + OH j  H20. 
^Because o f HCOj’  ;  COj2" + H+.
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Photosynthesis vs. PFR
Figures V I-3 and V I-4  are graphs o f photosynthe tic  oxygen evolu­
t io n  as a fu n c t io n  o f PFR a t pH values o f 4.5 and 8.0. The l i g h t  
compensation p o in ts ,  Tppp, were s im i la r  (35.6 and 31.0 p l*L  \  res­
p e c t iv e ly ) .  In both instances, Cy was a t  a sa tu ra t in g  leve l o f  photo­
synthesis. At both pH values, PFR was sa tu ra t in g  a t  leve ls  above 
1100 p E -m '^ s " 1.
Photosynthesis vs. Cy
Figure VI-5 shows photosynthe tic  oxygen e vo lu t io n  as a fu n c t io n
of Cy a t pH 4.5. The predominant specie o f carbon a t th a t  pH is
^ ( a q )  and i t s  concen tra t ion  is  a lso shown. The ca lcu la ted  V was 1.5
pM (o r 44.3 pi - L  ^ in  the gas phase). An Eadie-Hofstee l in e a r iz a t io n
of the data was used to  ca lcu la te  K and Vm . The l in e a r iz e d  modelm max
was s ig n i f i c a n t  (p < 0.001) using regression ana lys is  te s t in g .  The
ca lcu la ted  K and V values as func tions  o f  both CT and C0o are m max I 2
shown in  Table V I-2 . Figure VI-6 shows photosyn the t ic  oxygen evolu­
t io n  as a fu n c t io n  o f Cy a t pH 8.0. The predominant specie o f carbon 
at th a t  pH is  HCO^  • The concentra tion  o f C02(aq) is  a lso shown. The 
ca lcu la ted  r  was 2.1 pM (o r  63 p i *L 1 in  the gas phase). An Eadie-
Hofstee l in e a r iz a t io n  was used to  ca lcu la te  K and Vm . Them max
lin e a r iz e d  model was s ig n i f i c a n t  (p < 0.001) using regression analys is
te s t in q .  The ca lcu la ted  K and Vm„ w values as func tions  o f CT , C0o a m max I 2
and HCO^  are shown in  Table VI-2.
A comparison o f the C02(aq) concentra tions present a t pH 4.5 and 
8 ind ica ted  th a t  much o f the photosynthe tic  oxygen e vo lu t ion  a t pH 8 
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/ I -3 .  Photosynthetic  oxygen evo lu tion  as a fu nc t io n  o f PFR.
pH = 4 .5 , [Ct 3 = 600 pM, [C02 3aq = 591 pM, [HCO^] =
8 pM. 10 leaves in  2 mis o f 35 mM c itra te -phospha te
- 2  -1b u ffe r .  Tppp = 35.6 pE*m *s . Bars are standard 
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Figure VI-4 . Photosynthetic oxygen evo lu t io n  as 
pH = 8 .0 , [CT]  = 2.5 x 104 pM, [C02 
[HCO^ ] = 2.45 x 104 pM. 10 leaves 
T r is  b u f fe r ,  h t = 31 pE-m“ 2 -s~ 
dev ia tions  (n=3).
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a fu n c t io n  o f PFR.
]  aq = 548 pM, 
in  2 mis o f 35 mM 
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Figure V I-5 . Photosynthetic  oxygen e vo lu t ion  as a fu n c t io n  o f Cy.
pH = 4 .5 , aQ = 0.9861. L ^ ]  is  shown. 10 leaves
in  2 mis o f  35 mM c itra te -phospha te  b u ffe r ,  r  = 1.502
pM or 44.3 p l*L  (e qu iva le n t in  the gas phase).
K (C0o) = 96 pM, V = 133 pmol-mg Chi" 1 - h“ 1 (Eadie- m c. max
Hofstee). The l in e a r iz e d  model was s ig n i f i c a n t  (p < 
0.001) and i t s  slope d i f fe re d  s ig n i f i c a n t ly  (p < 0.001) 
from the model o f Figure VI-6.
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Figure V I - 6 .  Photosynthetic oxygen evo lu tion  as a fu n c t io n  o f  Cy.
pH = 8 .0 , Oq = 0.0219, d-| = 0.9735. [HCO^ ] is  shown.
10 leaves in  2 mis 35 mM T r is  b u f fe r .  V 2.136 pM or 
6.3 p l*L  (equ iva len t in  the gas phase). Km (DIC) = 
4,468 pM, Km (C02) = 76.3 pM, Vmax = 162 pmol-mg 
Chi "**h  ^ (Eadie-Hofstee). The l in e a r iz e d  model was 
s ig n i f i c a n t  (p < 0.001) and i t s  slope d i f fe re d  
s ig n i f i c a n t ly  (p < 0.001) from the model o f Figure VI-5.
14Table VI-2. Kinetic Constants of Evolution and C Transport.
Substrate
(pH)
Km (02 e v o l. )  
pM
Vmax (02 
pmol*mg Ch *h pM pmol*mg Ch *h
CT (4 .5 ) 98 135 -
C02 ( 4 .5 )a) 96 135 -
CT (8 .0 )
C02 ( 8 .0 )b 








C02‘  ( 8 .0 )C 
HC03'  ( 8 .0 )d 






aAssumes aQ = 0.9861 (@ 25°C)
^Assumes a = 0.0218, a, = 0.9735 o I
cBased on a l in e a r ize d  model o f  the curve generation from CO2 model using [CO^] 
present in  DIC a t pH 8 .0 , see Figure 7.
^Based on l in e a r ize d  model o f the curve generated by sub trac ting  v e lo c i t ie s  o f 
o f  CO2 (8 .0 )  from DIC (8 .0 ) ,  see Figure 7.
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concentrations. A comparison o f the slopes o f the two l in e a r iz e d  
models (a t  pH 4.5 and 8) ind ica ted  th a t  the two models were s i g n i f i ­
can tly  d i f fe r e n t  (p < 0.001). While the use o f CO2 (aq) could account 
fo r  a subs tan tia l p o r t io n  o f the photosynthe tic  ra te  a t pH 8 .0 , V
fT la X
at pH 8 was s ig n i f i c a n t ly  h igher. This d if fe re n ce  was a t t r ib u te d  to
HCO-j use. Figure V I - 7  shows the two models (C y  a t pH 8 ,  CO2 a t pH 8 )
and the d if fe rences  between the two which was ascribed to  HCO^  use.
Table VI-2 also l i s t s  the K and V values fo r  HC0o use a t pH 8.0m max 3 r
based on the HCO^  model shown in  Figure VI-7.
Enzymes
Table VI-3 l i s t s  the concentrations (o r  a c t i v i t i e s )  o f CA, 
RUBISC0, PEPcase, and another ca rboxy la ting  enzyme important in  dark 
carbon f i x a t io n ;  phosphoenolpyruvate carboxykinase (PEPckase).
Dehydration K ine t ics
The ana lys is  o f the dehydration k in e t ic s  o f a pure HCO^  so lu t io n  
a t pH 7.25 (the pH o f the isotope d is e q u i l ib r ia  assay) are shown in 
Figure VI-8. The choice o f th a t  pH was a compromise between fa s te r  
dehydrations a t h igher pH values (see Appendix 1), and the r e la t iv e ly  
high a-| values a t h igher pH (and thus a g rea ter HCO^  /CO2 a t e q u i l i ­
brium). The analyses o f V o lok ita  e t a l.  (1983) ind ica te  th a t  a t pH 
7 .2 -7 .4 , the ra te  o f HCO^  dehydration is  minimal. At pH 7.25, the 
e qu i l ib r iu m  concentra tion  o f HCO^  is  s t i l l  9 times grea ter than 
CC^aq). The percent is o to p ic  e q u i l ib r ia  analys is  ind ica ted  th a t  by 
17 s, the CC^aq) and HCO^  had reached 50% o f t h e i r  eventual e q u i l i ­
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Figure V I-7 . P lo t o f  l in e a r iz e d  model from Figure VI-6 showing
pred ic ted  photosynthesis fo r  various Cy concentrations 
as well as a p lo t  o f p red ic ted  values (based on l in e a r iz e d  
model o f Figure IV-5) o f photosynthesis based on the 
a va ila b le  (aq) concentra tion  a t pH = 8. The p lo ts  show
th a t  [ CO2 ]  a t  pH 8.0 was s u f f i c ie n t  to  produce most 
o f the observed v e lo c i t ie s .  The d if fe re n ce  ( th a t  which 
is  due to  c o n tr ib u t io n  o f HCOg s o le ly )  is  shown as the 
d if fe re nce  between the two models.
Table VI-3. Enzyme A ctiv it ies .
Enzyme Replicates A c t iv i t y  (+ sd)
CA 9 14.3 + 7.0 EU
RUBISCO 24 160.3 + 27.2 pmol-mg C h i"1-h "1
PEPcase 24 24.1 + 7 . 4  pmol-mg Ch ^*h ^
PEPckase 24 33.2 + 9.5 pmol-mg Ch"1-h_1
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—  L e h m a n (!9 7 6 ), pH 7 .5  
 Volakita et ol.(l983), pH 8 .5
T I M E ,  s
Figure VI-8. Changes in  HCO^  and CC^Caq) when 7.19 pM HCO^  is  added 
to  bu ffe red  water (pH 7.25). Top, change in  [CC^] and 
[HCO^ ]  over 45 s. Middle, change in  V^, V^, and Vn as 
e q u i l ib r iu m  is  approached. Bottom, percent is o to p ic  
e q u i l ib r iu m  as a func t ion  o f t ime; o ther s tud ies are 
shown fo r  comparison.
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Leaf Volume and Total Chlorophyll
Figure VI-9 shows the ch lo rophy ll  content and le a f  volume as a 
func tion  o f the length range o f the le a f .  Comparable volume estimates 
based on both weight and dimensional analys is  were obtained.
Bicarbonate Transport
Figures V I-10, V I-11, and VI-12 are accumulation versus time 
14p lo ts  when H CO^  was supplied during short term isotope d ise q u i1ib r ia  
stud ies. At a low HCOy concentra tion (50 pM), the accumulation due 
to t ra nsp o rt was s l i g h t l y  h igher than the accumulation due to  f i x a t io n  
so th a t  the s ize o f the in te rn a l pool o f Cy was r e la t iv e ly  constant 
and close to  steady s ta te  (see Figure V I-10). At a h igher concentra­
t io n  (700 pM), however, i n i t i a l  accumulation due to  tra n s p o r t  was much 
higher than accumulation due to  f i x a t io n  so th a t  the in te rn a l  Cy pool 
was a t f i r s t  high (b u rs t )  and then dropped down to  steady s ta te  leve ls  
(see Figure V I-11). At very high concentrations (50,200 pM), 
accumulation due to  t ra n s p o r t  fa r  exceeded accumulation due to  f i x a t io n  
so th a t  the in te rn a l  Cy pool was very high (see Figure V I-12). In 
both Figures VI-11 and VI-12, a p lateau e x is ts  in  the t ra n sp o r t  curve 
where accumulation stops (a t  10-20 s). At 700 pM the p lateau disappears 
when accumulation by f i x a t io n  catches up to  accumulation by t ra n s p o r t ,  
but a t 50,200 pM the magnitude o f the d if fe re nce  prevented f i x a t io n
from catching up w ith  t ra n sp o r t  over the time frame o f the experiment.
14Figure VI-13 shows H CO^  tra n sp o rt  and f i x a t io n  v e lo c i t ie s  as a 
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Figure VI-9. Standard curve r e la t in g  le a f  length to  i t s  volume and 
ch lo ro p hy ll  content. Leafs were assumed to  be 50 pm 
th ic k  (conserva tive  es tim ate ). The data po in ts  a t each 
size range are re s u lts  from analyses o f 6 groups o f 10 
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Figure VI-10. H^CO^ tra n s p o r t  (accumulation as a fu n c t ion  o f t im e).
50 pM H14C03" ,  pH 7.25, 25 mM HEPES, 1200 p E - n f ^ s " 1 , 
n=5 fo r  each data p o in t ,  bars are standard dev ia tions . 
The in te rn a l pool is  the d if fe re n ce  between t ra n sp o r t  
and f i x a t io n .  Note the absence o f the bu rs t ( i . e .  
t ra n s p o r t  £ f i x a t io n ) .
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Figure VI-11. H14C03 t ra n s p o r t  (accumulation as a fu n c t io n  o f t im e).
700 pM H14C03" ,  pH 7 .1 , 25 mM HEPES, 1200 p E - n f ^ s '1, 
n=5 fo r  each data p o in t ,  bars are standard dev ia tions. 
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14Figure VI-12. H CO^  tra n s p o r t  (accumulation as a fu n c t io n  o f  t im e ).
50,200 pM H14C03‘ , pH 7.25, 25 mM HEPES, 1200 p E - n f ^ s '1, 
n=5 fo r  each data p o in t ,  bars are standard dev ia tions . 
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Figure VI-13. V e lo c i ty  o f  t ra n sp o r t  and f i x a t io n  as a fu nc t ion  o f 
[H^COg ] .  Based on 10 s incubations. Other condi­
t io n s  as in  Figure VI-12.
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incubations. Because o f the bu rs t e f fe c t ,  saturated t ra n sp o r t  ve lo-
14c i t ie s  were not obtained. The k in e t ic s  o f H CO^  f ix a t io n  (based on
a Eadie-Hofstee tran s fo rm a tion )  are provided in Table VI-2. K wasm
324 pM and was 62 pmol-mg Chi - h \  max r  3
Transport In h ib i t io n
The e f fe c ts  o f various in h ib i t o r s  and other treatments on H^CO^ 
transport and f i x a t io n  are shown in  Table VI-4. S ig n i f ic a n t  d i f ­
ferences (p < 0.001) were found in the reported v e lo c i t ie s  o f f i x a t io n  
and in the reported v e lo c i t ie s  o f tra n spo rt .  Ethanol was used as a 
solvent fo r  a number o f in h ib i t o r s ;  i t  had no s ig n i f i c a n t  e f fe c t  on 
transport or f i x a t io n .
Discussion
This study ind ica tes  th a t  Elodea n u t ta l1i i  is  a photosyn- 
t h e t i c a l l y  robust aquatic  vascular p la n t.  Though ( ^ ( a q )  is  the 
p re fe rred  inorgan ic  carbon source both k in e t ic a l ly  and enzym atica lly , 
i t  possesses the a b i l i t y  to  a c t iv e ly  t ra n sp o r t  HCO^  (HCO-j "H+ symport) 
to maintain high in te rn a l CC^  concentrations a t RUBISCO when C02(aq) 
concentrations are low (<1 pM). This m u l t i p l i c i t y  and a b i l i t y  to 
a c t iv e ly  accumulate inorgan ic  carbon against a concentra tion  g rad ien t 
ind ica tes  th a t  Elodea n u t t a l1i i  is  p a r t i c u la r ly  well su ited  fo r  use in 
aquatic treatment systems where HCO^  and CC^aq) concentrations are 
va r iab le  and usua lly  below sa tu ra t ion  leve ls .
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Table V I-4. E ffec ts  o f In h ib ito rs  and Treatments (percent in h ib it io n )  on H^COj 
Transport and F ixa tio n 3
Treatment Concentration F ixa tio n c Transport
(pretreatment V e loc ity  % in h ib it io n  V e lo c ity  % in h ib it io n
time, min) pmol-mg Ch ^*h*^ pmol-mg Chi ^ h  ^
Control ( - ) - 38.91±5.62 0.0 215.5163.3 -
DCCD ( 1 5 ) 100 pM 10.3513.16 73.3 214.0142.1 0.7
P h loridz in  (0 .45) 2 mM 38.0918.17 2.0 69.5134.5 67.7
As04 3'  ( 1 5 ) 1 mM 17.9616.72 53.8 101.7121.6 52.8
CCCP (0.45) 30 pM 0.4610.27 98.8 16.3116.0 92.4
DNP (0.45) 30 pM 1.3310.33 96.5 68.3116.8 68.3
Antimycin A (0.45) 100 pM 0.4010.13 98.9 103.3148.7 52.1
DCMU (0.45) 10 pM 0.7910.12 97.9 103.0122.4 52.2
Ethoxyzolamide (0 .45) 50 pM 14.2111.81 63.4 201.3167.0 6.6
Acetazolamide (0 .45) 50 pM 8.5312.15 78.0 26.0130.2 87.9
CA 0.1 mg/mii 32.01i3.84 17.7 130.6155.5 39.4
Low bu ffe r 0.5 mM 20.2514.29 47.9 215.719.0 >
No bu ffe r - 12.3U2.44 68.3 193.0116.8 10.4
L/D - 0.5910.33 99.2 87.5134.1 59.4
D/D (10) - 0.2710.17 98.4 4.718.2 97.8
EtOH con tro l (2 ) 0.5% 37.3414.77 4.0 201.1114.4 6.7
alabeled bicarbonate = 500 pM, incubation time = 10 s, n = 5 ( f ix a t io n ) ,  n = 4 ( tra n s p o rt) .
abbreviations: DCCD, N,N-dicyclohexocarbodiamide; CCCP, carbonyl-n-
chlorophenylhydrazone; DNP, 2 ,4 -d in itro p h e n o l; DCMU, 3 -(3 ,4  d ich lo rophenyl) -  
1,1-d im ethlyurea; CA, carbonic anhydrase (e x te rn a l) ; L/D, l ig h t  pretreatm ent 
then dark assay; D/D, dark pretreatm ent then dark assay.
S ig n ific a n t differences found (p < 0.001), LSD = 9.23 pmol-mg Chi ^*h \
S ig n ific a n t differences found (p < 0.001), LSD = 91.5 pmol’mg Chi S
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Photosynthetic E ffec ts  on Water Column Chemistry
The photosynthe t ic  a c t i v i t y  o f Elodea had a pronounced e f fe c t  on 
the co n s titu en ts  o f Cy, DO, and pH in  the reactors . pH leve ls  increased 
from 7.9 to  10.3, DO le ve ls  increased from 6.5 to  14.2 mg-L (169% 
s a tu ra t io n ) ,  and 7.2 x 10 pmoles o f Cy were removed from the reactor 
(see Figure V I-2 ) .  The changes in  these cons t ituen ts  as a fu nc t ion  of 
photosynthetic  a c t i v i t y  (PFR and temperature, in d i r e c t l y )  are s im i la r  
to the observations o f Hough (1974); Bowmer e t a l . (1984; and Pokorny 
e t a l . , 1984) who examined changes in a stand o f Elodea canadensis; 
and Reddy (1981) who examined changes in  stands o f E ichornia c rass ipes , 
Egeria densa, and Chara sp. The changes in Cy, ( ^ ( a q ) ,  and OH also 
corresponded remarkably w e ll to  p red ic ted  changes in  a stand o f the 
c lose ly  re la ted  Egeria densa as ca lcu la ted  by a dynamic model developed 
by Laing and Browse (1985). The model assumes CO2 (aq) uptake by 
d i f fu s io n ,  HCO^  uptake by an a c t ive  t ra n sp o r t  system w ith  subsequent 
OH ex tru s ion , and involvement o f PEPcase. The model was ca l ib ra te d  
w ith  measured changes in  concentrations o f those p h o to syn th e t ica l ly  
a c tive  co n s titu en ts  in  a stand o f Egeria (Browse e t a l . ,  1979). Laing 
and Browse (1985) determined th a t  the ac tion  o f the bicarbonate t ra n s ­
p o r t  system was essen t ia l in  m a in ta in ing  high in te rn a l CO2 concentra­
t io ns  (10-29 pM) and reducing V. The a c t i v i t y  o f PEPcase as a source 
of CO2 through decarboxy lation o f C  ^ acids was not in ves t iga ted , but 
the a c t i v i t y  o f PEPcase in removing HCO^  played a negligab le  ro le  in  
a f fe c t in g  r .
A lk a l iz a t io n  o f the medium by the t ra n sp o r t  and use o f HCO^  (and 
the subsequent ex trus ion  o f OH ) has been inves t iga ted  in  Coccochloris
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peniocystis  by M i l l e r  and Colman (1980) and in  Chara c o r r a l l in a  by 
Lucas (1975). M i l le r  and Colman (1980) observed a close s to ich iom etry  
(1 .03 :1) between HCO^  t ra n sp o r t  and use and OH production in  the 
medium when Coccochloris was p h o to syn th e t ica l ly  a c t ive  in  a weakly 
buffered (300 pM phosphate b u f fe r )  so lu t io n . Lucas (1975) has ob­
served s im i la r  s to ich iom e tr ies  when Chara was p h o to syn th e t ica l ly  
ac ti  ve.
A lk a l iz a t io n  o f the medium by Elodea n u t ta l1i i  was also observed
(Figure V I-2 , Table V I-1 ) .  As shown in  Table V I-1 , the amount and
v e lo c i ty  o f Cy removed was equ iva len t (see Item 7) to  the amount and
v e lo c i ty  o f carbon used during photosynthesis (C = C0o + HCO^" )3 r  j \ psn 2 psn 3 psn
provided th a t  the amount o f HCO^  removed was corrected fo r  the produc-
2- - + * 
t io n  o f CO-j (by the reac t ion  HCO^  £ CO3 + H ). The amount and
v e lo c i ty  o f OH produced was s im i la r  (see item 13) to  the amount and
v e lo c i ty  o f HCO^  pSn consumed provided th a t  the amount o f  OH produced
was corrected fo r  the amount o f  OH lo s t  from the fo l lo w in g  reactions
hco3" j  co3'  + h+ , h+ + oh" j  h2o . - .  hco3‘  + oh" + h2o + co32". I f
these co rrec t ions  are made a s to ich iom etry  o f 1.19:1 (HC03 used/OH
produced) was observed. I t  is  poss ib le  th a t  the discrepancy o f 1.06 x 
410 umoles (see Item 13) o f  HC0o which was used, but not accounted r  3 psn
fo r  in  the OH equivalency, was the re s u l t  o f HC03 conversion to
C02 (aq) in  a c id i f ie d  regions or by CA (e x te rn a l ly  or i n t e r n a l l y ) ;  both
transform ations in v o lv in g  the reac tions : HC03 + H+ j  H2C03 j  C02 (aq)
+ Hr,0. F in a l ly ,  not a l l  o f the C was used in  the s to ich io m e tr ic  2 J psn
production o f DO; only 44% o f the Cpgn used resu lted  in  the equ iva len t
production o f oxygen. The re s u lts  from the d iu rna l study suggested
th a t  both C02 and HC03 were used in  photosynthesis. C02 (aq) was used
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much more ra p id ly  ( i . e .  high a f f i n i t y  a t low [C02] )  considering th a t  
the C02 concentra tion  was markedly below sa tu ra t io n  (see Browse e t 
a l . ,  1979). HCO^  was also used, and i t  appears th a t  i t s  primary fa te  
involved in t r a c e l lu la r  accumulation as HCO^  , w ith  subsequent OH 
ex trus ion , though CA or external a c id i f i c a t io n  may have played a 
minor ro le  in  i t s  conversion to  C02 e x te rn a l ly  or in te rn a l ly .
Photosynthetic P o te n tia l In S itu
An examination o f the v e lo c i t ie s  o f photosynthe tic  oxygen evolu­
t io n  in  the reac to r  (see Table V I - 1) revealed th a t  photosynthe tic  
rates were much lower (0 .6  gmoles*mg Chi ^-h than sa tu ra t in g  ve lo ­
c i t ie s  fo r  aquatic  macrophytes (around 100; Bowes, 1985). By assuming 
th a t only 5% o f the biomass was p h o to syn th e t ica l ly  a c t iv e ,  v e lo c i t ie s  
o f photosynthesis approached reasonable values fo r  the concentrations 
of C02 and HCO^  in  the reac to r (26 pmol*mg Chi ^*h "*). This in d i ­
cates th a t  approximately 3-10% of the biomass in  the reac to r was 
c o n tr ib u t in g  s ig n i f i c a n t ly  to  the chemical changes observed in  the
water column. The standing crop in  the reac to r was q u ite  high (2 .5  Kg 
- 2  -1wet wt*m *d ) so th a t  shading o f most o f the biomass in  the reac to r 
occurred and could account fo r  the photosynthe tic  a c t i v i t y  o f only the 
near-surface biomass (5% o f t o t a l ) .
L ight Compensation Points
Elodea n u t t a l1i i  e xh ib ite d  f a i r l y  low Fppp (31 p l*L  ^) and f a i r l y
- 2  -1high PFR sa tu ra t ion  le ve ls  (1000 pE-m *s ) as ind ica ted  in  Figures 
VI-3 and VI-4. A comparison o f these values w ith  those o f other 
aquatic macrophytes (see Table V I-5 ) ind ica tes  th a t  Elodea exh ib ited
Table VI-5. L igh t Compensation Points (Tpp^) and PFR Satura tion  Levels 
fo r  Various Aquatic ,acrophytes.
Macrophyte Tpp^ PFR Satura tion  Level Reference
(submerged or a e r ia l )  (pE’ m '^ -s "^ )
Myriophyllum spicatum (s) 60 200 Lloyd e t a l . ,  1977
(a) 100 1200 £ Lloyd e t a l . ,  1977
(s) 35 600 Van e t a l . ,  1976
Myriophyllum b ra s i l ie n se (s) 42 300 Salvucci & Bowes, 1982
(a) 45 >2000 Salvucci & Bowes, 1982
Potamogeton a m p li fo l iu s (s) 80 200 Lloyd e t a l . , 1977
(a) - >1200 Lloyd e t a l . ,  1977
Ceratophyllum demersum (s) 35 700 Van e t a l . ,  1976
Cabomba carol in i  ana (s) 55 700 Van e t a l . ,  1976
H y d r i l la  v e r t i c i l  la ta (s ) 15 600 Van e t a l . ,  1976
Elodea canadensis (s ) <100 300 Simpson e t a l . ,  1980
Elodea n u t t a l l i i (s ) 31 1000 This study
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l i g h t  requirements s im i la r  to  a e r ia l  po rt ions  o f heterophyllous sub- 
mergent macrophytes and could be c la s s i f ie d  as sun-adapted ra the r than 
shade adapted (Salvucci and Bowes, 1982). This c la s s i f i c a t io n  of 
Elodea is  not s u rp r is in g  in  th a t  the leaves used in  these experiments 
came from fragments s i tu a te d  ju s t  below the reac to r surface, and on 
sunny days were exposed to  60-80% o f f u l l  s u n lig h t PFR values. Sun 
adapted macrophytes are usua lly  exposed to  l i g h t ,  temperature, and DO 
condit ions conducive to  p h o to re sp ira t io n ; and consequently require  
mechanisms which ( i )  increase the ( ^ ( a q )  concentra tion  a t carboxyla- 
t io n  s i te s  and ( i i )  which favo r ca rboxy la tion  over oxygenation a t 
RUBISCO (see Salvucci and Bowes, 1982).
Photosynthetic Oxygen Evo lu t ion  K ine t ics
Elodea n u t t a l l i i  e xh ib ite d  K_(C0„) and V__. values s im i la r  to---------------------------- m 2 max
macrophytes in  the low pho to re sp ira to ry  s ta te  (see Table V I-6 ) .  I t s  
«m ( C ^ )  was 96 pM; one o f the lower values reported fo r  a submergent 
(see Table V I-6 ) measured in  an oxygen e lectrode system. The low Km 
(CO2 ) is  in d ic a t iv e  o f a r e la t iv e ly  high a f f i n i t y  fo r  ( ^ ( a q ) .  I t s  
Vmax value is  also one o f  the h igher values fo r  photosynthe tic  oxygen 
evo lu tion  by an aquatic submergent macrophyte (Bowes, 1985). CC^aq) 
is  p re fe rred  over HCO^  by p h o to s y n th e t ic a l ly  a c t ive  macrophytes 
(Bowes, 1985). The Km values fo r  CC^  are genera lly  much lower than 
fo r  HCO^  ( i . e .  ^ (C C ^) = 170 pM, K^HCO^) = 4500 pM a t pH 4 and 8, 
re sp ec t ive ly  Van e t a l . ,  1976). The Km(CO2 ) Tor Elodea (96 pM) was 
much less than the « (HCO^) which was 4,349 pM (see Table V I-2 ) .  This 
fa c t ,  plus the data from the d iu rna l study showing immediate removal






Myriophyllum spicatum 165 58 Van e t a l . , 1976
175a >120 Salvucci & Bowes, 1983
64b >76 Salvucci & Bowes, 1983
Myriophyllum b ra s i l ie n se 18c ^140 Salvucci & Bowes, 1982
706a (122) >100 Salvucci & Bowes, 1982
102b,a >100 Salvucci & Bowes, 1982
Potamoqeton amplipholius - 280 Lloyd e t a l . ,  1977
H y d r i l la  v e r t i c i l l a t a 170 54 Van e t a l . ,  1976
74b >60 Salvucci & Bowes, 1983
Ceratophyl1 urn demersum 150 51 Van e t a l . ,  1977
Chara c o ra l l in a 80 90 Price e t a l . ,  1985
Egeria densa 77 100 Browse e t a l . ,  1979
Elodea canadensis - 187 Simpson e t a l . ,  1980
Elodea n u t t a l l i i  
(pH 4 .5 ,8 .0 ) 96,97 133,162 This study
aHigh photo resp ira to ry  sta te . 
bLow photo resp ira to ry  sta te . 
cA eria l po r t ion  o f macrophyte
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of CC^aq) from the reac to r w ith  the onset o f photosynthesis in d ica te
th a t  CO2 is  the p re fe rred  carbon source in  Elodea.
L inearized models o f  the curves, appearing in  Figures VI-5 and
VI-6 had slopes which were s ig n i f i c a n t ly  d i f fe r e n t  from each o ther (p
< 0.001), which suggests th a t  V values fo r  CT a t the two pH valuesmax 1
were s ig n i f i c a n t ly  d i f f e r e n t  (135 versus 162 pmoles*mg C h l-h "1).
While the use o f ^ ( a q )  a t pH 8 could account fo r  most o f the photo­
syn the tic  oxygen e vo lu t ion  (see Figure V I-7 ) ,  a discrepancy was ob­
served, which was a t t r ib u te d  to  HCO^  use. This phenomena has been 
observed by Van e t a l .  (1976) w ith  three C02- p re fe r r in g  macrophytes 
( H y d r i l la  v e r t i c i 1 l a t a , Ceratophyl1 urn demersum, and Myriophyllum 
spicatum) and they a t t r ib u te  th is  to  HCO^  use above and beyond CO2 
use a t h igher pH values. Van e t a l.  (1976) do not, however, address
the issue o f d if fe re nce  in  V values a t pH 4 and 8. V values aremax K max
a func t ion  o f  the number o f t ra n sp o r t  systems present in  the plasma- 
lemma of aquatic macrophytes and d i f fe r e n t  Vmax values suggest the 
operation o f d i f fe r e n t  t ra n s p o r t  systems. The observed v e lo c i t ie s  o f 
oxygen e vo lu t ion  may be explained by the models shown in  Figure V I-7 ; 
the predominant t ra n sp o r t  mechanism was a CC^  t ra n sp o r t  system w ith  a
high a f f i n i t y  (96 pM) and high capac ity  fo r  t ra n sp o r t  (133
pmole*mg Chi ^*h "*) w h ile  a second less predominant system fo r  HCO^
was present which had a lower a f f i n i t y  fo r  HCO^  (1606 pM) and a lower
capacity fo r  tra n sp o rt  (22 pmol-mg Chi ^*h ^). The p u ta t ive  bicarbonate 
tra n sp o rt  system would serve to  tra n sp o rt  HCO^  fo r  ( i )  conversion to  
CO2 i n t r a c e l l u la r ly  and subsequent f i x a t io n  by RUBISCO or fo r  ( i i )  
d i re c t  ca rboxy la tion  by (3-carboxylases which would then provide a 
source o f CO2 by decarboxylation o f the C  ^ acids.
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CCU Compensation Points
The CO2 compensation p o in t  (F) in  Elodea n u t t a l1i i  (1.502 pM or 
equiva lent to  44.3 p1*L "* in  the gas phase) was r e la t i v e ly  low com­
pared to  values reported fo r  o ther macrophytes (see Table V I-7 ). 
Macrophytes in  the low ph o to resp ira to ry  s ta te  e x h ib i t  F values o f 
10-30 p l*L  ; in  the intermediate p ho to resp ira to ry  s ta te  they e x h ib i t  
F values o f  30-60 p l*L   ^; and in  the high pho to resp ira to ry  s ta te  they 
e x h ib i t  V values o f  60-150 p l-L   ^ (Salvucci and Bowes, 1981, 1983).
The re s u lts  presented here suggest th a t  Elodea e xh ib ite d  character­
is t i c s  o f an in termediate  p ho to resp ira to ry  s ta te . The ch lo rophy ll  
content o f Elodea n u t t a l1i i  leaves (2.83±0.16 (SD) mg Chl*mg wet wt \  
n=5 pooled groups o f  60 leaves per group) was h igher than values 
reported fo r  H y d r i l la  v e r t i c i l l a t a  in  the low p h o to resp ira to ry  s ta te  
(1.02 mg ChT * g wet wt a t a r  o f  23 pi 1 * L ^ ; Holaday e t a l . ,  1983) which 
suggests th a t  Elodea could have been c la s s i f ie d  in  the low photo­
re s p ira to ry  s ta te  despite  i t s  F value f a l l i n g  in  the in termediate 
pho to resp ira to ry  c la s s i f i c a t io n .  The a b i l i t y  o f aquatic  macrophytes 
to vary, la rg e ly  on a seasonal bas is , t h e i r  r  in  response to  photo­
re s p ira t io n  is  widespread (Salvucci and Bowes, 1981; Holaday e t a l . ,  
1983). The Y f o r  Elodea was determined in  September when environ­
mental cond it ions ( l i g h t ,  temperature) would produce an intermediate 
value.
Mechanisms fo r  Low Pho to resp ira to ry  State
There are two known b iophys ica l or biochemical mechanisms which 
account fo r  the low p ho to resp ira to ry  s ta te  in  aquatic macrophytes.
T a b l e  V I - 7 .  CO2 C o m p e n s a t io n  P o i n t s  and Enzyme C o n c e n t r a t i o n ,  A c t i v i t y ,  and R a t i o s  i n  A q u a t i c  M a c r o p h y t e s .
Macrophyte r






•mg Chi ^ •
PEPkcase
■h'1) RUBISC0PEPcase Reference
Myriophyllum b ras iliense 13 - 77.8 4.0 - 19.4 Salvucci & Bowes, 1982
62 - 71.8 5.6 - 12.8 Salvucci & Bowes, 1982
59a - 154.3 2.7 - 57.1 Salvucci & Bowes, 1982
63a - 130.8 1.7 - 76.9 Salvucci & Bowes, 1982
Myriophyllum spicatum - 207 69.7 7.1 - 9.8 Van e t a l . , 1976
14 101 - - - - Salvucci & Bowes, 1983
81 70 - - - - Salvucci & Bowes, 1983
H y d rilla  v e r t ic i l  la ta 24 - 33.7 116.2 NDb 0.3 Salvucci & Bowes, 1981
76 - 44.2 31.6 NO 1.4 Salvucci & Bowes, 1981
44 253 50.6 18.5 - 2.7 Van e t a l . ,  1976
25 - - 330.0 0.2 - Holaday & Bowes, 1980
130 - - 18.0 - - Holaday e t a l . ,  1983
50 - - 43.9 - - Holaday e t a l . ,  1983
25 - - 149.5 - - Holaday e t a l . ,  1983
8 - - 168.7 - - Holaday e t a l . , 1983
14 916 - - - - Salvucci & Bowes, 1983
91 342 - - - - Salvucci & Bowes, 1983
Ceratophyl1 urn demersum - 292 69.9 5.5 - 12.7 Van e t a l . , 1976
Cabomba ca ro lin iana 26 - 24.6 22.3 - 1.1 Salvucci & Bowes, 1981
150 - 27.8 15.2 - 1.8 Salvucci & Bowes, 1981
Egeria densa 26 - 70.6 130.4 - 0.5 Salvucci & Bowes, 1981
43 - 76.3 104.0 - 0.7 Salvucci & Bowes, 1981
Elodea canadensis 27 - - - - - Hough, 1979
- - 27.9 14.2 - 1.9 DeGroote & Kennedy, 197'
Elodea n u t t a l l i i 44 14.3 160.3 24.1 38.2 6.6 This study
aA eria l po rtion  o f macrophyte. 
bND, not detected.
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For H y d r i l la  v e r t i c i 1 l a t a , the increased a c t i v i t y  o f PEPcase and 
acid metabolism (Holaday and Bowes, 1980; Salvucci and Bowes, 1981) 
provides a means whereby HCO^  can be d i r e c t ly  incorporated in to  PEP 
to form acids. These acids can subsequently decarboxylate and 
act as a CO2 concentra ting  mechanism fo r  RUBISCO (S a lvucc i,  1983; 
DeGroote and Kennedy, 1977; Helder and Van Harmelen, 1982; Holaday and 
Bowes, 1980) though some controversy e x is ts  about decarboxylation 
(Browse e t a l . ,  1980; Beer and Wetzel, 1982). While RUBISCO remains 
the u lt im a te  end user in  photosynthesis, the concentra tion  o f  PEPcase 
increases (up to  300 pmol-mg Chi ^-h ^) so th a t  the RUBISCO/PEPcase 
ra t io  drops below 1.0 (Table V I-7 ) .  The ro le  o f CA in  m ain ta in ing the 
low pho to resp ira to ry  s ta te  in  H y d r i l la  (Table V I-7 ) has not been 
estab lished, but in h ib i t o r s  o f CA (Ethoxyzolamide, Acetazolamide) 
d is ru p t the low ph o to resp ira to ry  s ta te  in  Hydri11a (Salvucci and 
Bowes, 1983). For Myriophyllum , however, the r a t io  o f  RUBISCO/PEPcase 
remains constant (>9) over a range o f p ho to resp ira to ry  s ta tes ; however, 
RUBISCO a c t i v i t y  is  usua lly  h igher in  M yriophyl1 urn than in  H y d r i l la  
(Table V I-7 ) .  The ro le  o f CA in  m ain ta in ing  the low pho to resp ira to ry  
s ta te  in  Myriophyllum has not been es tab lished, but CA in h ib i to r s  
decrease photosynthesis and ra ise  r  in  Myriophyllum (Salvucci and 
Bowes, 1983). Salvucci and Bowes (1983) hypothesise th a t  the CO2 
concentra ting  mechanism in  M yriophyl1 urn is  CA-linked HCO^  t ra n sp o r t  
system s im i la r  to  ones in  Anabaena (Kaplan, 1985), the ones modeled in  
Egeria densa (Laing and Browse, 1985) or the ones promoted by Lucas 
(1985).
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Enzyme A ctiv it ies
The concentrations o f CA in  Elodea n u t ta l1i i  (14 EU*mg Chi 
were much lower than values reported fo r  M yriophyl1 urn (70-207 EU-mg 
Chi or fo r  Hydri 11a (253-916 EU-mg Chi "*) as shown in  Table VI-7.
The CA concentrations were s im i la r  to  those reported fo r  Chara 
coral 1ina (P r ice  e t a l . ,  1985). The involvement o f CA in  the carbon 
concentrating mechanism in  Elodea n u t ta l1i i  is  not known, but i t s  con­
cen tra t ion  was s u f f i c ie n t  to  convert HCO^  to  CO2 i n t r a c e l lu la r ly .
The concentra tion  o f RUBISCO and PEPcase in  El odea (160 and 24 
pmol*mg Chi *h \  re s p e c t iv e ly )  ind ica te  th a t  Elodea is  more l ik e  
Myriophyllum than Hydri11a in  i t s  biochemical response in  the low 
pho to resp ira to ry  s ta te . The RUBISCO/PEPcase was 6.6 (Table V I-7 ) and 
the a c t i v i t y  o f RUBISCO was one o f the h ighest reported values fo r  
th a t enzyme in  aquatic  macrophytes, and s im i la r  to  leve ls  reported fo r  
Myriophyl1 urn sp. ( p a r t ic u la r ly  the a e r ia l  po rt ions  o f the p la n t ) .
The a c t i v i t i e s  o f PEPcase were much lower than the values reported fo r  
Hydri11a in  the low pho to re sp ira to ry  s ta te  (100-300 pmol*mg Ch ^*h ^).
The ca rboxy la ting  enzyme phosphoenolpyruvate carboxykinase 
(PEPckase) was also present in  Elodea (33 pmol-mg Chi *h ^). This 
enzyme is  im p o r ta n t ' in  the 1ight-independent f i x a t io n  o f  carbon in  
brown algae (Kerby and Evans, 1983; Kremer and Kuppers, 1977), and i t s  
a c t i v i t y  in  Hydri11a has been found (Holaday and Bowes, 1980) but in  
much lower a c t i v i t i e s  (0 .2  pmol’ mg Chi ^-h ^). The presence o f both 
PEPcase and PEPckase in Elodea n u t ta l1i i  suggested th a t  l i g h t -  
independent f i x a t io n  occurred. Beer and Wetzel (1982) have shown th a t  
the a c t i v i t i e s  o f  RUBISCO and PEPcase change seasonally by increas ing
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during the summer months in  Najas, Potamogeton, and Myriophyllum. In
Najas, RUBISCO/PEPcase was always >1 (1 .2 -1 .9 ) .  In Potamogeton,
RUBISCO/PEPcase was always <1 (0 .4 -0 .7 ) .  In Myriophyllum, RUBISCO/ 
PEPcase was va r ia b le  (0 .5 -2 .5 ) .  Despite the r e la t iv e ly  high 
a c t i v i t ie s  o f  PEPcase in  these macrophytes, pulse-chase experiments 
ind ica te  th a t  RUBISCO is  the major (85%) ca rboxy la ting  enzyme. 
Conversely, in  Elodea canadensis, the RUBISCO/PEPcase r a t io  was 1.9 
and RUBISCO only accounted fo r  55% o f the ca rboxy la tion  a c t i v i t y  in  
pulse-chase experiments (DeGroote and Kennedy, 1974). Browse e t a l.  
(1980) found, however, th a t  RUBISCO accounted fo r  80% o f the ca r­
boxy la t ing  a c t i v i t y  in  the c lo s e ly - re la te d  Egeria densa, and th a t  the
C^  acids d id  not decarboxylate in  the chase period. The use o f  pulse 
chase experiments w ith  Elodea n u t t a l1i i  would help c l a r i f y  some o f the 
controversy regarding the importance o f  l i g h t  independent carbon 
f ix a t io n  in p rov id ing  CO2 a t RUBISCO.
Bicarbonate Transport
The a c t ive  t ra n s p o r t  and accumulation o f label by Elodea 
n u t ta l1i i  in  isotope d is e q u i l ib r iu m  studies (Figures V I - 10 to  V I - 12) 
revealed three th ings , ( i )  The accumulation o f label due to  t ra n sp o r t  
was always g rea ter than accumulation due to  f i x a t io n ,  regardless o f
14
the external concen tra t ion  o f  H CO^  . ( i i ) As concentra tion  in ­
creased (50 to  50,200 pM), the ra te  o f accumulation due to  t ra n sp o r t  
was fa s te r  than f i x a t io n  so th a t  f i x a t io n  lagged behind tra n sp o r t .
This resu lted  in  a p la teau forming in  the accumulation due to  t ra n s ­
p o r t  curves in  Figures VI-11 and V I-12 , in d ic a t in g  th a t  t ra n sp o r t
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ceased (o r  was markedly reduced) u n t i l  f i x a t io n  removed some o f the 
accumulated in te rn a l Cy and t ra n sp o r t  resumed (see Figure V I-11).
( i i i )  The e f fe c t  th a t  th is  p lateau and f i x a t io n  lag had on the in te rn a l 
pool o f Cy was to  create a 'b u rs t '  in te rn a l concentra tion  (see Figure 
VI-11 and VI-12) and a steady s ta te  concentra tion. In te rn a l Cy con­
cen tra tions  fo r  bu rs t and steady s ta te  cond it ions are shown in Table 
VI-8. While in te rn a l pH was not measured in  Elodea, an estimate o f 
7.8 is  reasonable considering th a t  the pH the p lan ts  were exposed to  
was approximately 8 and th a t  in te rn a l  pH in  macrophytes are usua lly  
0.2 log un its  more a c id ic  than the external environment (Raven, 1985, 
DeMichelis e t a l . ,  1979). An in te rn a l pH o f 7.8 would mean th a t  
in te rna l CC^  concentrations were on the order o f 1.3 to  2.7 mM (Table 
V I-8 ) ;  w ell above the 30 to  40 pM minimum necessary to  ensure a high 
carboxy la tion/oxygenation  r a t io  a t RUBISCO (Raven, 1984).
In te rna l Cy and CO2 Pools
The accumulation o f label over time in  the in te rn a l pool 
(0 .03-0.3  pmol*mg Chi "*) was s im i la r  to  values reported by a number o f 
inve s t ig a to rs  (0 -0 .8  pmol-mg Chi ^) who used the s i l i c o n  o i l  cen­
t r i f u g a t io n  technique w ith  cyanobacteria, m icroalgae, and vascular 
mesophyll c e l ls  (Table V I-9 ) .  The in te rn a l Cy concentra tion  in  Elodea 
(40-80 mM) and concentra tion  fa c to rs  (114-800) were also s im i la r  to 
values (1-50 mM, 3-1800) fo r  these u n ic e l lu la r  organisms. The t ra n s ­
p o r t ,  f i x a t io n ,  and Cy in te rn a l  pool accumulation curves in  Figures 
VI-10 through VI-16 were remarkably s im i la r  to  ones reported fo r  
Coccochloris pen iocys tis  (Coleman and Colman, 1981) and fo r  asparagus 
mesophyll c e l ls  (Espie and Colman, 1982). The change in  the size o f
Table V I-8 . In te rn a l Cy and CO^  Concentrations in  Elodea n u t t a l l i i .
Concentration 
[HC0 ' ]  
pM
In te rna l Cy3 
Burst Steady State 
pmol-mg Chi ^
In te rna l [C y]b 
Burst Steady State 
pM ( c f ) d pM (c f )
In te rna l
Burst 
hM ( c f )
[C02] c
Steady State 
pM (c f )




 X1 - 1.36 x 103 (103)
700 0.3 0.06 4 x 105 (571) 8 x 104 (114) 1.36 x 104 (104) 2.72 x 103 (103)
50,200 43.0 - 3.2 x 107 (672) 1.08 x 106 (106) -
aTaken from d iffe rences in  pmol-mg Chi between transport and f ix a t io n  values in  the 'b u rs t1 and 'steady s ta te 1 region 
o f the transport curves (see Figures 8, 9, 10).
^Assumes le a f volume o f 0.75 mm3 (0.75 p i )  as shown in  Figure VI-7.
cAssumes in te rn a l c y to p la s tic  pH o f 7.8 (considering th a t the leaves grew in  reactor water w ith  pH values > 8 .0 ; see 
Raven, 1985, DeMichelis e t a l . ,  1979) and a = 0.034.j 0
c f = concentration fa c to r; in te rn a l/e x te rn a l.
Table VI-9. In te rna l Cy Concentrations and Concentration Factors o f In te rna l Cy 
Pools in  Organisms During Isotope D is e q u i l ib r ia  Studies.
Organism In te rna l Cy 
Accumulation 
pmol*mg Chi







Anabaena v a r ia b l is 1-4 90-150 (1) Badger e t  a l . ,  1978
II
- 18-38 80-1800 (2) Zenvirth  & Kaplan, 1984
II - 0-50 20-300 (2) Kaplan e t a l . ,  1980
II - 1-4 25-400 (1 ,2 ) V o lak ita  e t a l . ,  1984
Coccochloris peniocystis 0 .0 -0 .8 4-6 (2) Coleman & Colman, 1980
II 0 .0 -0 .4 - (2) M i l le r  & Colman, 1980
Synechococcus sp. - 0-3 38-87 (1) Badger & Andrews, 1982
Chlamydomonas re in h a rd t i i 0-0.8 3-150 (2) Badger e t a l . ,  1978
II 0 .0 -0 .4 - (2) Marcus e t a l . ,  1984
II 0 .5 -3 .0 - - (2) Spaulding & Ogren, 1983
Asparagus*3 0 .0 -1 .0 - (3) Espie & Colman, 1982
II - 0-0.25 (2) V o lok ita  e t a l . ,  1983
n bPea - 0-0.6 (2) V o lok ita  e t a l . ,  1981
Elodea n u t t a l l i i 0 .03-0.3 40-80 114-800 (2) This study
aShape o f in te rn a l pool accumulation 
p lateau, 3 = burst plateau.
^Mesophyll c e l ls .
c In te rna l [C y ]/ex te rna l [Cy],
curve over time; 1 = inverse hyperbola, 2 = in c l in e d
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the in te rna l pool in  Elodea (F igures VI-10 to  V I-12) was also s im i la r  
to ones reported fo r  the u n ic e l lu la r  organisms (see Table V I-9 ) .  The 
carbon concentra ting  mechanism in Elodea also compared favo rab ly  w ith  
cyanobacterial and m icroalgal concentra ting  mechanisms in  p rov id ing  
high in te rna l CO2 concentra tions (1 .3 -2 .7  mM) and producing a large 
concentration fa c to r  (M 000 ), as shown in  Table VI-10. These data 
ind ica te  th a t  Elodea possessed an a c t ive  tra n sp o rt  carbon concentra t­
ing mechanism which required metabolic energy to  concentrate HCOg 
against a concentra tion  grad ien t.
Transport Energetics
The re su lts  from the tra n s p o r t  and f i x a t io n  in h ib i to n  s tud ies 
(Table V I-4 ) v e r i f y  th a t  metabolic energy was required to  operate the 
carbon concentra ting  mechanism, though in  l i g h t  o f the p la teau e f fe c t  
ju s t  discussed, the e f fe c ts  o f some in h ib i to r s  on f i x a t io n  may have 
confounded t h e i r  e f fe c t  on the t ra n sp o r t  process. Both Badger e t a l . 
(1978) and M i l l e r  and Colman (1980) have examined the in f luence  o f 
metabolic in h ib i t o r s  on the carbon concentra ting  mechanism. Badger e t 
a l.  (1978) found th a t  the proton motive force uncoupler FCCP (c a r ­
bonyl cyanide t r i f 1uoromethoxyphenylhydrazone), the n o n-cyc l ic  e lec tron  
tra n sp o rt  i n h ib i t o r  DCMU, and the uncoupler SF6847 a l l  reduced f i x a ­
t io n  to  10% of the con tro l values and caused the in te rn a l  pool to 
decrease in  s ize and the concentra tion  fa c to r  to  drop markedly (from 
40 to  5). M i l l e r  and Colman (1980) also observed th a t  H^COg tra n s ­
p o r t  in  Coccochloris pen iocys t is  was suppressed by DCMU and CCCP in
14th a t  both in h ib i t o r s  reduced accumulation o f H COg from t ra n s p o r t ,  
f i x a t io n ,  and the maintenance o f an in te rn a l  pool by 80 to  90%. Ogawa
Table V I-10 . In te rn a l [Cy] and [COg] in  Some Cyanobacteria and Algae (A fte r  B earda ll, 1985 and Raven, 1985).
Organism HCOj or COg Concentration
mM





Anabaena v a r ia b il is both 0.01-0.1 2-50 - 30-200 - - - Kaplan e t a l , 1980
HCOy 0.002 4 0.002 2000 0.077 3 .4 x l0 '5 2300 See Raven, 1985
Coccochloris peniocystis HCOy- - - - - 0.31 2 .4 x l0 '4 1300 See Raven, 1985
S p iru lina  p la tens is HCOy 0.1 18 0.1 180 0.35 1 .6 x l0 '3 220 See Raven, 1985
Synechococcus sp. HCOy-* 0.02 34 0.02 1700 0.49 1.2xl0 ‘ 5 4100 See Raven, 1985
Chlamydomas re in h a rd tii HCOy 0.1 0.9 0.1 9 0.12 0.01 10.4 See Raven, 1985
0.007 0.17 0.007 24 0.023 8 .1 x l0 "4 28.4 See Raven, 1985
C h lo re lla  emersonii COg 0.016 0.92 0.016 58 0.10 0.006 16.4 See Raven, 1985
0.068 1.43 0.068 21 0.16 8.027 5.8 See Raven, 1985
C h lo re lla  saccharophia COg 1.3 x l 0 3 0.45 1 .3xl0-3 346 0.06 1 .3 x l0 '3 45 See Raven, 1985
0.031 6.0 0.031 194 0.68 0.031 20 See Raven, 1985
D una lie lla  sa lina ? 0.025 0.5 0.025 20 0.015 5 .4x l0 *4 27 See Raven, 1985
1.850 3.2 1.850 1.7 0.093 0.040 2.4 See Raven, 1985
Botrydiopsis interceders COg - 1.5 - - - - - See B earda ll, 1985
Elodea n u t t a l l i i HC°3 0.05 40 0.05 800 1.36 1.36x10*3 -viooo This study
0.7 80 0.70 114 2.72 2.71x l0 "3 ■viooo This study
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et a l.  (1985a,b) have shown th a t  the carbon concentra ting  mechanism in 
Anacystis n idulans requires both ATP and c y c l ic  e lec tron  t ra n sp o r t  
(which generates a transmembrane proton g rad ien t in the th y la ko id  
membrane which dr ives ATP synthesis a t the CFq-F^ ATPase complex). In 
th e i r  model, Ogawa e t a l . (1985b) have o r ien ted  the th y la ko id  in  
Anacystis so th a t  i t  is  proximal to  the c e l l  membrane so as to  couple 
c y c l ic  e lec tron  t ra n s p o r t  w ith  ac t ive  t ra n sp o r t  across the c e l l  membrane.
Results from the in h ib i t io n  s tud ies w ith  Elodea ind ica ted  th a t  
l i g h t  energy, c y c l ic  and non-cyc l ic  e le c tron  t ra n s p o r t ,  a PMF, a 
func t iona l ATPase, and an acetazo lam ide-sensit ive  compoment were a l l  
involved in  the a c t ive  t ra n sp o r t  process. The absence o f l i g h t  (dark 
or l i g h t  pretreatment fo llowed by dark uptake), the in h ib i t o r s  o f 
c y c l ic  (Antimycin A) and non-cyc l ic  (DCMU) e lec tron  t ra n s p o r t ,  the 
uncouplers (DNP, CCCP), the ATPase in h ib i to r s  (DCCD, AsO^ ) ,  and the 
CA in h ib i t o r  (Acetazolamide) produced s ig n i f i c a n t  reductions (>50%) in 
HCO^  t ra n sp o r t  in  Elodea. F ixa t ion  also required l i g h t  energy, 
c y c l ic  and noncyc lic  e le c tron  t ra n s p o r t ,  a PMF, a fu nc t ion a l ATPase, 
and an acetazolamide se n s it ive  component in  the f i x a t io n  process. The 
ATPase in h ib i t o r  p h lo r id z in  was much more in h ib i t o r y  to  t ra n sp o r t  than 
f i x a t io n ,  wh ile  the ATPase in h ib i t o r  DCCD, and the c y c l ic  e lec tron  
t ra n sp o r t  i n h ib i t o r  Antimycin A were much more in h ib i t o r y  to  f i x a t io n  
than tra n spo rt .  The plateau problem discussed above and the poss ib le  
confounding in  the in h ib i t io n  study suggested th a t  a c t ive  removal o f 
Cy from the in te rn a l pool by ch lo ro p la s t uptake and f i x a t io n  plays an 
important ro le  in  governing a c t ive  tra n s p o r t  in  Elodea in  th a t  the
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active  t ra n sp o r t  system cannot fu n c t io n  i f  the in te rn a l  pool (o r  the 
concentration fa c to r )  is  too large. These data do ind ica te  th a t  
ac tive  t ra n sp o r t  o f label in  Elodea requires a poised membrane s ta te  
a t the plasmalemma, a func t iona l ATPase to  generate th a t  poised s ta te ,  
and poss ib ly  CA to  f a c i l i t a t e  tra n sp o rt  or to  dehydroxylate HCO^  
w ith in  the cytoplasm.
Acid and A lka l in e  Banding
A c id i f ic a t io n  o f the le a f  surface in  the presence o f a pH sensi­
t iv e  dye is  in d ic a t iv e  o f proton ex trus ion  in  macrophytes (P rice  e t 
a l . ,  1985). I t  was observed in  Elodea as w e l l .  Leaves formed acid 
regions and f a i n t  a lk a l in e  regions in  the absence o f external HCO^  
when subjected to  sa tu ra t in g  l i g h t  leve ls .  In the presence o f 10 mM 
HCO^  , the a lk a l in e  regions were more pronounced. The lo ca t io n  o f the 
two kinds o f regions appeared random regardless o f  which side o f the 
le a f (top or bottom) was exposed to  the l i g h t  source. The ye llow  and 
red c o lo r  ind ica ted  pH values o f <6.4 and >8.2, re sp ec t ive ly . The 
acid regions were the re fo re  10 times more a c id ic  than the acid regions 
observed on Elodea canadensis by Prins e t a l.  (1982) who used a pH 
probe to  measure a c id i f i c a t io n .  The acid regions a lso appeared much 
la rg e r  in  area than the a lk a l in e  spots or zones which developed. In 
the dark, the e n t i re  le a f  surface turned ye llow  (a c id ic ) .  A f te r  a 30 
min. dark p e r io d ; the acid and a lk a l in e  regions developed again when 
the l i g h t  was turned on. As postu la ted by Price e t a l.  (1985) these 
data suggest th a t  the p ro ton-ex trud ing  ATPase in the plasmalemma 
generated transmembrane proton g rad ien t from m ito ch on d r ia l ly  derived 
ATP because ( i )  a c id i f i c a t io n  occurred in the dark when the ch lo ro -
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p lasts  were not generating ATP, and ( i i )  the t ra n s fe r  o f ATP from the 
ch lo rop las t to  the plasmalemma has not been documented in  higher 
photosynthetic  organisms.
A number o f  s tud ies , using e i th e r  in d ic a to r  dyes or m icroe lec­
trodes, have documented a c id i f i c a t io n  and a lk a l iz a t io n  a t the le a f  or 
c e l l  surface in  N i t e l la  (Spear e t a l . ,  1976), Chara (P rice  e t a l . ,
1985; Price and Badger, 1985; Lucas, 1982); Lucas and N u c c i te l l i ,
1980), Elodea canadensis (P rins  e t a l .  , 1982) and Potamoqeton lucens 
(Prins e t a l . ,  1980). Walker (1985, 1983) and co-workers (Walker e t 
a l . ,  1980) and Prins e t  a l .  (1982) hypothesize th a t  the a c id i f i c a t io n  
o f the le a f  or c e l l  surface serves to  convert HCOg to  e i th e r  ( i )  
t^CO^ or ( i i )  CO2 (a q ),  both o f  which d i f fu s e  in to  the c e l l  by F ick ian  
d i f fu s io n  (see Figure V l - le ) .  Lucas (1985), on the other hand, argues 
th a t the a c id i f ie d  regions are where HCO^  "H+ symports a c t iv e ly  t ra n s ­
po rt HCOg in to  the c e l l .  He has modified h is model to  inc lude exte rnal 
CA (see Figure V I - Id )  which is  s im i la r  to  the model proposed by Price  
e t a l.  (1985).
I t  has been hypothesized w ith  the Walker model th a t  strong bu f­
fe rs  i n h ib i t  the a c id ic  conversion o f HCO^  to  CC^, and thus decrease 
rates o f t ra n sp o r t  and photosynthesis (Walker, 1985, Price and Badger, 
1985). When t ra n sp o r t  and f i x a t io n  assays were conducted on Elodea 
w ith  low b u f fe r  o r no b u f fe r  present in  the incubation medium, ra tes 
o f t ra n sp o r t  and f i x a t io n  were not s ig n i f i c a n t ly  d i f fe re n t .  External 
CA d id not s ig n i f i c a n t ly  a f fe c t  rates o f t ra n sp o r t  and f ix a t io n .
These data suggest th a t  the use o f a strong b u f fe r ,  per se, in  the 
isotope d is e q u i l ib r ia  assays was not in h ib i t o r y  to  t ra n sp o r t  ( i . e .  low
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b u ffe r  ra tes were not g rea te r than con tro l ra te s )  and th a t  external 
a c id i f i c a t io n  d id  not p lay  a major ro le  in  converting  HCO^  to  CO2 and 
subsequent d i f fu s iv e  t ra n s p o r t .  While some conversion o f CO2 is  
expected in  the a c id i f ie d  reg ion , the major mechanism operating in  
transport ing  carbon in to  Elodea was a b icarbonate-pro ton symport.
Transport Model
Bicarbonate t ra n s p o r t  is  thought to  e x is t  i f  some o f the fo l lo w ­
ing c r i t e r i a  are met. ( i )  The rates o f photosynthesis (Vmax) are 
higher a t h igher pH va lues; ( i i )  the rates o f t ra n sp o r t  or photo­
synthesis are h igher than what can be accounted fo r  by HCO^  con­
version to  CO2 w ith  subsequent inward d i f fu s io n ;  ( i i i )  a lk a l iz a t io n  o f 
the medium occurs w ith  a 1:1 s to ich iom etry  between HCO^  consumed and 
OH extruded; ( i v )  a concen tra t ion  fa c to r  is  observed during isotope 
d isequ i1ib r ia  s tud ies where HCO^  is  the sole carbon source; (v )  
metabolic poisons i n h i b i t  t ra n s p o r t ;  ( v i )  hype rp o la r iza t ion  o f the 
c e l l ( s )  occurs during t ra n s p o r t ,  as evidenced by the d is t r ib u t io n  o f 
l i p o p h i l l i c  cations in  response to  the p o la r iz a t io n ;  and ( v i i )  a low 
(poss ib ly  in d u c ib le )  p h o to re sp ira to ry  s ta te  is  present.
Elodea n u t ta l1i i  used a proton symport to  t ra n sp o r t  bicarbonate 
as evidenced by the fo l lo w in g .  Photosynthetic rates (absolu te  values) 
were g rea ter a t pH 8 than a t pH 4. A lk a l iz a t io n  o f the reactors 
occurred in  the d iu rna l s tud ies  w ith  almost a 1:1 s to ich iom e try , and 
during the acid and a lk a l in e  banding study. The presence o f RUBISCO, 
PEPcase, PEPckase, and CA, as w ell as t h e i r  r e la t iv e  a c t i v i t i e s ,  was 
in d ic a t iv e  o f  a Myriophyllum - l ik e  low p ho to resp ira to ry  s ta te  which 
requires the use o f a symport as a b iophys ica l carbon concentra ting
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mechanism (Raven e t a l . ,  1985). Bicarbonate was accumulated 
in te rn a l ly  in  the in te rn a l  Cy pool against a concentra tion  g rad ien t,  
producing a large concentra tion  fa c to r ;  obv ious ly  a t the expense o f 
metabolic energy. The accumulation curves ( t ra n s p o r t ,  f i x a t io n ,  
in te rna l pool) were s im i la r  to  those fo r  u n ic e l lu la r  organisms 
possessing a b icarbonate t ra n sp o r t  system (Badger and Adrews, 1982; 
Colman and Coleman, 1980a,b). Metabolic energy, in  the form o f  a 
transmembrane proton g ra d ien t,  func t iona l ATPase, and poss ib ly  a
CA-like moiety on the t ra n sp o r t  p ro te in  were a l l  required to  tra n sp o rt
14 +H CO^ These are prec ise  desc r ip t ions  o f a fu nc t io na l HCOg-H symport
powered by an ATP-hydrolyzing ATPase complex in  the plasmalemma as
described by Lucas (1985).
F in a l ly ,  one a d d it io n a l piece o f in fo rm ation  is  present th a t
supports the argument fo r  a symport. At low bicarbonate concentrations
(50 and 700 pM) s im i la r  to  values observed in  the reac to rs , tra n sp o rt
v e lo c i t ie s  were s l i g h t l y  la rg e r  than f i x a t io n  v e lo c i t ie s  (see Figures
VI-10 and V I-11). Assuming th a t  the t ra n sp o r t  k in e t ic s  are s im i la r  to
f ix a t io n  k in e t ic s  so th a t  K = 324 pM and V = 6 2  pmol*mg Chi "**h ^m M max M a
(which is  not a bad assumption in  th a t  they would be qu ite  s im i la r  to
the modeled values fo r  the bicarbonate pump in Eqeria densa as
ind ica ted  by Laing and Browse, 1985), then they are not th a t  d i f f e r e n t
from the modeled ones fo r  s t r i c t  HCOg use (above and beyond CO^ use
a t pH 8 .0 ) as shown in  Figure VI-7 and in  Table VI-2. The model
ind ica ted  a K o f 1606 pM and a V , o f  22 m r  max
pmol-mg Chi ^*h . The k in e t ic s  o f HCOg f i x a t io n  (see Table V I-2 )
are more s im i la r  to  PEPcase or PEPckase a c t i v i t y  than to  RUBISC0 
a c t i v i t y  (Yeoh e t a l . , 1981), suggesting th a t  the accumulated HCOg
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was incorporated in to  compounds ra ther  than Cg sugars. While pulse 
chase experiments were not conducted, the data does suggest th a t  
bicarbonate is  a c t i v e ly  transpor ted so th a t  high in te rna l  Cy con­
centrat ions are produced, but th a t  the bicarbonate i s  f i xe d  in  the 
cytoplasm by p-carboxylases ra the r  than RUBISCO. The acids could 
then be subsequently decarboxylated to provide fo r  a source o f  COg fo r  
RUBISCO.
I f  t h i s  comparison is  v a l i d ,  the data ind icates th a t  two separate 
transpor t  systems were func t iona l  in  Elodea n u t t a l 1i i  (see Figure 
VI-14).  The f i r s t  was the bicarbonate proton symport (as discussed 
above), and the second was a f a c i l i t a t e d  system which al lowed CO2 (o r  
HgCOg) to  enter a t lower pH values. This f a c i l i t a t e d  d i f f u s i o n  system 
has been described (Raven e t a l . ,  1985). I t  would provide the bulk  o f 
the inorganic carbon to RUBISCO at low pH values or when CO2 was 
p l e n t i f u l .  The symport showed the capacity to  increase both Cy and 
COg i n t e r n a l l y  to  favorable leve ls ,  thus mainta in ing the high RUBISCO 
a c t i v i t y  in Elodea. While the presence o f separate t ra n sp o r t  systems 
fo r  COg and HCO2 has been documented in  cyanobacteria and microalgae 
(Lucas and Berry, 1985), i t s  presence in  macrophytes has on ly been 
hypothesized (Raven e t  a l . ,  1985).
Elodea n u t t a l 1i i  appears to  be a p h o to syn the t ica l ly  robust aquat ic 
macrophyte. I t  is  su i tab le  fo r  use in  aquat ic treatment systems where 
COg concentrat ions are low (and var iab le) ,  and where HCO^  is  the 
predominant specie ava i lab le  f o r  use. The macrophyte uses an a c t ive -  
t ranspor t  bicarbonate proton symport to increase in te rna l  COg con­
centra t ions and promote carboxy la t ion at RUBISCO wnen the p o te n t ia l  
f o r  pho to resp i ra t ion  is  high and only HCO^  is  ava i lab le  f o r  uptake.
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Figure VI-14. Proposed model for carbon aquistion in Elodea n u tta l1i i .
CHAPTER V II
AQUATIC MACROPHYTE-BASED AQUATIC TREATMENT SYSTEM 
PERFORMANCE AND EVALUATION
Performance
A p i l o t - s c a le  aquat ic macrophyte-based aquat ic treatment system 
was designed to t r e a t  pr imary e f f l u e n t  to advanced secondary treatment 
standards under temperate c l imate  condi t ions. Four macrophytes were 
evaluated. The hyd rau l ic ,  organic , and n u t r ie n t  loading rates were 
s im i la r  to  design and operat ional  values f o r  water hyacinth-based 
systems.
Elodea n u t t a l 1i i  was the best candidate in  th a t  i t  was product ive 
year-round and re s is ta n t  to fo u l in g  by f i lamentous green algae. 
Ceratophyllum demersum and Myriophyl lum heterophyl lum, whi le  prov id ing 
surface area f o r  ep iphy t ic  heterocrophs and n i t r i f i e r s ,  were not as 
e f fe c t i v e  in removing phosphorus from the wastestream and were ex­
cess ive ly  fouled so th a t  p r o d u c t i v i t i e s  were usual ly  negat ive. Lemna 
minor, whi le  product ive year-round, was e s s e n t ia l l y  a two dimensional 
f i x e d - f i lm  system which promoted anaerobic condi t ions below the f l o a t ­
ing mat so th a t  e f f l u e n t  q u a l i t y  was poor.
Percent removals of wastewater cons t i tuents  in  the Elodea reactors 
were: BOD^, 77-97%; TN, 18-72%; and TP, 23-42%. Const i tuent removal
rates were comparable to those of hyacinth-based systems designed to 
t r e a t  primary e f f l u e n t .  Typical removal rates were: BOD^, 1-50
k g - h a ' ^ d " 1; NH4+-N, 0.6-6 kg -ha '1-d " 1 ; TN, 0.5-5 k g - h a ^ - d " 1,
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P043' - P ,  0.05-0.5 kg*ha"1 * c f 1; and TP; 0 .5 -1 .0  k g - h a ' ^ d ' 1. Removal 
rates co r re la ted  w ith  biomass and p ro d u c t i v i t y ,  in d ic a t in g  the ro le  
tha t  p la n t  uptake and surface area f o r  hete ro t roph ic  and n i t r i f y i n g  
b io f i lm s  have in  promoting n u t r i e n t  transformations and removal.
Season had an important in f luence on the wastewater n u t r ie n t  
removal mechanisms. During the summer when p ro d u c t i v i t i e s  were high, 
p lant uptake accounted f o r  a major proport ion  of the n i trogen (28-56%) 
and phosphorus (61-99%) removal from the system. D e t r i t a l  sedimenta­
t io n  was s i g n i f i c a n t  in  removing n i trogen (>80%) and phosphorus (23- 
60%) when p ro d u c t i v i t y  was low in  the w in te r .  D e n i t r i f i c a t i o n  ( r e q u i r ­
ing concomitant n i t r i f i c a t i o n )  was always an important removal mechanism 
(13-70%), regardless of season. P re c ip i ta t io n  and adsorpt ion o f 
inorganic phosphorus was an important phosphorus removal mechanism in 
the w in te r  (39-69%).
Macrophyte p ro d u c t i v i t y  was also inf luenced by season (tempera­
tu re ,  photon f luence ra te ,  day length) .  The t o ta l  n i t rogen (TN) and 
to ta l  phosphorus (TP) content o f Elodea, Myr iophyl1 urn, and Lemna were 
wel l above g ro w th - l im i t i n g  c r i t i c a l  concentrat ions o f TN (13 mg*g dry 
wt "*) and TP (1 .3  mg*g dry wt 1). The average TN and TP contents were
fo r  Elodea, 52.6 mg-g dry wt 1 and 17.7 mg-g dry wt \  resp ec t ive ly ;
-1 -1 and f o r  Lemna minor , 54.0 mg*g dry wt and 25.6 mg*g dry wt ,
respec t ive ly .  These leve ls  are i n d ic a t i v e  of luxury  uptake o f  N and
P. Levels were high year-round suggesting th a t  temperature, photon
f luence ra te ,  day length , or inorganic carbon (see below) were
l im i t i n g  to p ro d u c t i v i t y .
N i t r i f i c a t i o n  was observed in  a l l  the reactors on a year-round
basis. Ammonium- and n i t r i t e - o x i d i z e r  populat ions were genera l ly  low
2 - 1  1 - 1  in the primary e f f l u e n t  (10 *ml and 10 *ml , re s p e c t iv e ly ) ,  higher
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4 - 1  3 - 1in the reacto r water column (10 -ml and 10 -ml , re s p e c t iv e ly ) ,  and
8 -1high in the sediments and as epiphytes on the macrophytes (10 -ml 
and 10^ * ml \  re sp ec t ive ly ) .  The t o ta l  concentrat ions o f both 
ammonium- and n i t r i t e - o x i d i z e r s  were f a i r l y  equa l ly  d is t r ib u te d  in  
terms of to ta l  numbers between the water column, sediments, and 
macrophytes in  a reac to r ;  suggesting th a t  a l l  three popula t ions were 
important to the n i t r i f i c a t i o n  process. Ammonium-oxidizers were 
usual ly present in higher concentrat ions than n i t r i t e  ox id ize rs  which 
re f le c ts  the higher growth y i e l d  o f ammonium-oxidizers. Scanning 
elect ron and l i g h t  microscopy revealed a diverse community of 
epiphytes on Myr iophyl lum; the epiphytes appeared less d iverse on 
Elodea and the lower surface o f  the Lemna frond. The attachment o f 
both hete ro t roph ic  and n i t r i f y i n g  epiphytes on a submergent macrophyte 
provides fo r  a source o f  oxygen (from photosynthesis) which is  re­
quired f o r  microbia l  carbon and ni trogen ox ida t ion .  Thus the r e la ­
t ionsh ip  between the epiphyte and macrophyte can be described as 
commensal. I f  macrophytes e x h ib i t  a preference f o r  n i t r a t e  over 
ammonia in  terms of n i t rogen requirements, then the re la t io n s h ip  can 
be described as m u tu a l i s t i c .
The photosynthet ic  a c t i v i t y  o f Elodea had a large in f luence on
water column chemistry. Large changes in  pH, DO, Cy ^ C O ^ ,  C02(aq),
-  2 -HCOg , COg ) were observed. Both CO2 and HCO^  were used during 
photosynthesis. HCO^  removal due to  photosynthet ic u t i l i z a t i o n  was 
s to i c h io m e t r i c a l l y  re la ted  to OH product ion, thus p rov id ing  evidence, 
fo r  d i r e c t  bicarbonate u t i l i z a t i o n  by Elodea. In labora to ry  exper i ­
ments, Elodea exh ib i ted  c h a ra c te r i s t i c s  ascr ibed to  a low CO2 
existence in  the reactors. The c h a ra c te r is t i c s  are associated with
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adaption by macrophytes so as to  promote carbon f i x a t i o n  over photo­
re sp i ra t io n .  The c h a ra c te r i s t i c s  were: a low l i g h t  compensation
-2 -1poin t (Tppp = 31-36 pE*m *s ) ,  a high l i g h t  sa tu ra t ion  level
- 2  -1 - l(1000 pE*m -s ) ,  a low CO2 compensation po in t  (r = 44 p l - L  ) ,  high
a f f i n i t y  k ine t ics  o f  photosynthet ic  oxygen evo lu t ion  (K (CO2 ) = 96 
pM; Vmax = 130 pmol-mg Chi_1- h_1) ,  high RUBISCO leve ls  (160 
pmol’ mg Chi ^*h "*), a high RUBISCO/PEPcase r a t i o  (6 .6 ) ,  and the 
presence o f carbonic anhydrase (14 EU-mg C h i"1). These character­
i s t i c s  conform to a carbonic anhydrase/HCO^ -a c t i v e  t ranspor t  scheme 
to minimize pho to resp i ra t ion  and maximize CO2 f i x a t i o n .
Isotope d i s e q u i l i b r i a  studies v e r i f i e d  the presence o f  an ac t ive  
+ 14
transpor t  HCO^  - H symport. H CO^  was a c t i v e ly  transpor ted by a
transpor t  system which transported against a concentra t ion grad ien t ,
provided high in te rna l  Cy and CO2 concentra t ions,  and which required a
proton motive fo rce ,  a func t iona l  ATPase, carbonic anhydrase, and
ch lo rop las t  e lec t ron  t ra n sp o r t  to  d r ive  ac t ive  t ranspor t .  Elodea also
formed acid and a lk a l i n e  bands in  the presence o f HCO^  , l i g h t ,  and pH
sens i t ive  ind ica to rs .  While CO2 was the pre fe r red carbon source, the
a b i l i t y  to  t ranspor t  HCO^  made Elodea wel l  su i ted fo r  use in
*8t reatment systems where CO2 concentra t ions are very low (10 M) and 
HCO^  is  the only a va i la b le  carbon source.
Evaluat ion
As shown at the p i l o t  scale le v e l ,  temperate c l imate  aquat ic 
treatment systems can provide advanced secondary e f f l u e n t  q u a l i t y  
provided th a t  the fo l lo w in g  mod i f ica t ions  are made, or incorporated, 
in to  the system design and operat ion:
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(1) tank con f igu ra t ions  to  promote d e t r i t a l  s e t t l i n g  (L:W >
3.1) whi le  mainta in ing depths o f 0.3-0.45 m,
(2) p rov is ions f o r  6SUBmer o f  3-5 days and 0w1nter o f  6-8
days,
(3) mechanisms f o r  p la n t  harvest (weekly) in the summer,
(4) prov is ions f o r  sediment removal (monthly) in  the w in te r ,
3 - 2  “ 1(5) the use o f aerat ion (0 .1 -0 .3  m -m *h ) f o r  mixing,
(6) the use o f heated greenhouses to promote microbia l  and
macrophyte metabol ic a c t i v i t y ,  and
(7) the use o f p la s t i c  mesh to prevent submergent p lants
from s ink ing whi le  main ta in ing them a t  high l i g h t  
leve ls  close to  the surface o f the reactor.
Further research is  recommended on biomass product ion fo r  methane 
generat ion, the in te ra c t io n s  between macrophytes and f i lamentous green
algae, the importance of sediments to n i t rogen and phosphorus acqu is i -
+  3-
t i o n ,  the mechanisms of NH^ , NO^  , and P0^ uptake by the macrophyte,
and economic evaluat ion o f  the system fo r  a p p l ica t io n  in  small com­
munit ies. I t  is  recommended th a t  these above items should be researched 
p r io r  to  the f u l l - s c a l e  use of a submergent macrophyte system as a 
replacement f o r  conventional wastewater treatment.  A small scale 
study would help address these concerns.
LIST OF REFERENCES
Adams, F.S.,  D.R. MacKenzie, H. Cole, J r . ,  and M.W. Price. 1971. The
inf luence o f n u t r i e n t  p o l l u t i o n  leve ls  upon the element con­
s t i t u t i o n  and morphology o f  Elodea canadensis Rich, in  Michx. 
Environ. P o l lu t .  1:285-298.
Alexander, M., and F.E. Clark. 1965. N i t r i f y i n g  bac te r ia ,  p. 1477-1483. 
In: C.A. Black ( e d . ) Methods o f s o i l  ana lys is ,  p a r t  2. American
Society o f Agronomy, In c . ,  Madison, WI.
Al lanson, B.B. 1973. The f in e  s t ruc tu re  o f the periphyton of Chara 
sp. and Potamoqeton natans from Wytham Pond, Oxford, and i t s  
s ign i f i cance  to the macrophyte-periphyton metabol ic model o f  R.G.
Wetzel and H.L. A l len .  Freshwat. B io l .  3: 535542.
A l len ,  H.L. 1971. Primary p ro d u c t i v i t y ,  chemo-organotrophy, and
n u t r i t i o n a l  in te ra c t io n s  of ep iphy t ic  algae and bac ter ia  on 
macrophytes in  the l i t t o r a l  o f  a lake. Ecol. Monogr. 41:97-127.
APHA (American Publ ic  Health Associat ion. 1985. Standard Methods fo r  
the Examination of Water and Wastewater, 16th e d i t io n .  APHA,
I n c . , N.Y.
Ascencio, J . , and G. Bowes. 1983. Phosphoenolpyruvate carboxylase in 
H y d r i l l a  p lants  w i th  varying C0? compensation po in ts .  Photo­
synthesis Res. 4:151-170.
A t las ,  R.M. 1984. Microbiology-Fundamentals and App l ica t ions .
MacMillan Pub. Co., N .Y . , p. 768.
Badger, M.R. 1985. The f luxes o f inorganic carbon species during 
photosynthesis in  cyanobacteria w i th  p a r t i c u la r  reference to  
Synechococcus s p . , p. 39-52. In: W.J. Lucas and J.A. Berry 
(e d s . ) ,  Inorganic Carbon Uptake by Aquatic Photosynthet ic 
Organisms. Am. Soc. Plant Phys io l . ,  Md.
Badger, M.R., A. Kaplan, and J.A. Berry. 1978. A mechanism fo r
concentra t ing C0? in  Chlamydomonas re in h a r d t i i  and Anabaena 
v a r i a b i l i s  and i t s  ro le  in  photosynthet ic  C0„ f i x a t i o n .  Carnegie 
Ins t .  Year Book. 78:251-261. *
Badger, M.R., A. Kaplan, and J.A. Berry. 1980. In te rna l  inorganic
carbon pool o f  Chlamydomonas r e in h a r d t i i .  Plant Physiol .
66:407-413.
Badger, M.R. , and T.J. Andrews. 1982. Photosynthesis and inorganic 
carbon usage by the marine cyanobacterium Synechococcus sp. Plant 
Physiol .  70:517-523.
Bagnel l ,  L . , 1979. Resource Recovery from Wastwater Aquaculture, p. 
421-439. Aquaculture Systems fo r  Wastewater Treatment:
Seminar Proceedings and Engineering Assessment, EPA 430/9-80-006.
195
196
Bahr, T . , D. King, D. Johnson, and C. Kerns. 1977. Municipal waste­
water recyc l ing :  product ion o f algae and macrophytes f o r  animal
food and other  uses. Dev. Ind. M ic rob io l .  18:121-134.
Barko, J.W. 1982. In f luence o f potassium source (sediment vs. open 
water) and sediment composition on the growth and n u t r i t i o n  o f  a 
submersed freshwater macrophyte ( H y d r i l l a  v e r t i c i l l a t a  ( L . f . )  
Royle). Aquat. Bot. 12: 157-172.
Barko, J .W . , D.G. Hardin, and M.S. Matthews. 1982. Growth and 
morphology o f  submersed freshwater macrophytes in  r e la t io n  to 
l i g h t  and temperature. Can. J. Bot. 60:877-887.
Barko, J .W., and R.M. Smart. 1981. Sediment-based n u t r i t i o n  o f 
submersed macrophytes. Aquat. Bot. 10:339-352.
Barko, J .W., and R.M. Smart. 1980. M o b i l iza t io n  o f sediment phos­
phorus by submersed marcophytes. Freshwater B io l .  10:229-238.
Bast ian, R. and Reed, S. , 1979. Aquaculture Systems fo r  Wastewater 
Treatment: Seminar Proceedings and Engineering Assessment, U.S.
EPA Report, EPA 430/9-80-006.
Beardal l ,  J. 1985. Occurrence and importance o f  HCO., u t i l i z a t i o n  in 
microscopic algae, p. 83-96. In: W.J. Lucas and J.A. Berry
(e d s . ) ,  Inorganic  Carbon Uptake by Aquatic Photosynthet ic 
Organisms. Am. Soc. Plant P h ys io l . ,  Md.
Beer, S., and R.G. Wetzel. 1982. Photosynthesis in  submersed macro­
phytes of a temperate lake. Plant Physiol .  70:488-492.
Bender, M., 1980. Energy Consumption, Conservation and Recovery in
Municipal Wastewater Treatment - An Overview, p. 417-428. Aqua­
cu l tu re  Systems fo r  Wastewater Treatment: Seminar Proceedings
and Engineering Assessment, US EPA Report EPA 430/9-80-06.
Benemann, J . , 1979. Energy from wastewater aquaculture systems, p. 
441-458. Aquaculture Systems f o r  Wastewater Treatment: Seminar
Proceedings, and Engineering Assessment, EPA 430/9-80-006.
Best, E.P.H. 1977. Seasonal changes in mineral  and organic
components of Ceratophyl1 urn demersum and Elodea canadensis.
Aquat. Bot. 3:337-348.
Best, E.P.H. 1980. E f fec ts  o f n i t rogen on the growth and nitrogenous 
compounds o f Ceratophyl1 urn demersum. Aquat. Bot. 8:197-206.
Best, M.D., and K.E. Mantai. 1978. Growth of M.yriophyl 1 urn: sediment
or lake water as the source o f  n i t rogen and phosphorus. Ecol. 
59:1075-1080.
197
Bowes, G. 1985. Pathways o f  COp f i x a t i o n  by aquat ic organisms, p.
187-210. In:  VI. J. Lucas and J.A. Berry (e d s . ) ,  Inorganic  carbon
uptake by aquat ic photosynthet ic organisms. Am. Soc. Plant.  
Phys io l . ,  Md.
Bowes, G . , and M.E. Salvucci.  1984. Hydri11a: induc ib le  C.-type
photosynthesis w i thou t  Kranz anatomy, p. 829-832. In: C.
Sybesma (ed),  Advances in  Photosynthesis Research, V. I l l ,  
Martinus N i j h o f f /D r .  W. Junk Publ. ,  The Hague.
Bowmer, K.H.. D.S. M i t c h e l l ,  and D.L. Short. 1984. Biology o f Elodea 
canadensis Mich.,  and i t s  management in  Aus t ra l ian  i r r i g a t i o n  
systems. Aquat. Bot. 18:231-238.
Box, G.E.P., W.G. Hunter, and J.S. Hunter. 1978. S t a t i s t i c s  fo r  
Experimenters. J. Wiley & Sons, Inc. N.Y. 653 pp.
Boyd, C.E. 1970. Vascular aquat ic p lants  f o r  mineral  n u t r ie n t
removal from p o l lu ted  waters. Econom. Bot. 24:95-103.
Boyd, C.E. 1976. Accumulation of dry matter,  ni t rogen and phosphorus 
by c u l t i v a te d  water hyacinths. Econom. Bot. 30:51-56.
Boyd, C.E., and D.H. Vickers. 1971. Va r ia t ion  in the elemental 
content o f Eichornia  c rass ipes. Hydrobiologia. 38:409-414.
Brown, J .M .A . , F . I .  Dromgoole, M.W. Towsey, and J. Browse. 1974. 
Photosynthesis and photo resp i ra t ion  in aquat ic macrophytes, p. 
243-249. In: R.L. B ie le s k i ,  A.R. Ferguson, and M.M. Cresswell
(eds.)  Mechanisms o f Regulat ion o f Plant Growth, The Royal Soc.
N. Z . , Wei 1ington.
Browse, J . A . , F . I .  Dromgoole, and J.M.A. Brown. 1979. Photosynthesis 
in  the aquat ic macrophyte Eqeria densa. I I I .  Gas exchange 
studies. Aust. J. Plant Physiol .  6:499-512.
Browse, J . A . , J.M.A. Brown, and F . I .  Dromgoole. 1980. Malate
synthesis and metabolism during photosynthesis in  Eqeria densa. 
Planch. Aquat.’ Bot. 8:295-305.
B u t le r ,  J.N. 1982. Carbon Dioxide E q u i l i b r i a  and Their  App l ica t ions .  
Addison-Wesley Publ. Co., Reading, MA. 259 pp.
Capel los, C. and B.H.J. B ie ls k i .  1972. K ine t ic  Systems. Wiley 
In te rsc ience,  N.Y. 138 pp.
C i r e l l o ,  J . , R.A. Rapaport, P.F. Strom, V.A. Matulewich, M.L. Morr is ,
S. Goetz, and M.S. F ins te in .  1979. The question o f n i t r i f i c a ­
t i o n  in  the Passaic River,  New Jersey: an analys is  o f h i s t o r i c a l
data and experimental  inve s t ig a t io n .  Water Res. 13: 525-537.
Coleman, J . R . , and B. Colman. 1981. Inorganic carbon accumulation 
and photosynthesis in  a blue-green alga as a func t ion  o f  external 
pH. Plant Phsyiol .  67:917-921.
19C
Cook, C.D .K ., and K. Urmi-Konig. 1985. A re v is io n  o f the genus 
Elodea (Hydrochori taceae). Aquat. Bot. 21:111-156.
Cooper, A.B. 1983. Populat ion ecology o f  n i t r i f i e r s  in  a stream 
rece iv ing  geothermal inputs o f ammonium. Appl. Environ. 
M ic rob io l .  45:1170-1177.
Cornwell , D.A., J. Zo l tek ,  J r . ,  C.D. P a t r in e ly ,  T. deS. Furman, and 
J . I .  Kim. 1977. N u t r ie n t  removal by water hyacinths. J. Water 
Po l lu t .  Control  Fed. 48:57-65.
C r i tes ,  R . , 1979. Economics o f aquat ic treatment systems, p. 475-485. 
Aquaculture Systems fo r  Wastewater Treatment: Seminar
Proceedings and Engineering Eva luat ion, EPA 430/9-80-006.
Cul ley, D. and Epps, E. , 1973. Use o f  Duckweed f o r  Waste Treatment 
and Animal Feed, J. Water P o l lu t .  Control  Fed. 45:337-347.
Cur t is ,  E .J .C. ,  K. Durrant,  and M.M.I. Harman. 1975. N i t r i f i c a t i o n
in r i v e rs  o f the Trent Basin. Water Res. 9:225-268.
DeBusk, T.A.,  J.H. Ryther, M.D. Hanisak, and L.D. Wil l iams. 1981. 
E f fec ts  o f seasona l i ty  and p la n t  densi ty  on the p ro d u c t i v i t y  of 
some freshwater macrophytes. Aquatic Bot. 10:133-142.
DeBusk, T . A . , L.D. W i l l iams,  and J.H. Ryther. 1983. Removal o f 
n i trogen and phosphorus from waste water in  a water hyacinth- 
based treatment system. J. Environ. Qual. 12:257-262.
D 'E l ia ,  C.F.,  P.A. S teud le r ,  and N. Corwin. 1977. Determinat ion o f 
t o ta l  n i t rogen in  aqueous samples using p e rsu l fa te  d igest ion .  
Limnol. Oceanogr. 22:760-764.
DeGroote, D . , and R.A. Kennedy. 1977. Photosynthesis in  Elodea 
canadensis Michx. Plant Physiol .  59:1133-1135.
DeJong, J. 1976. The p u r i f i c a t i o n  o f wastewater w ith  the a id o f rush 
or weed ponds, p. 133-139. In: J. Tourbier and R.W. Pierson,
Jr .  (e d s . ) ,  B io log ica l  Control  o f  Water P o l lu t io n ,  Univ. Penn. 
Press, PA.
DeMichelis, M . I . ,  J.A. Raven, and H.D. Jayasuriya. 1979. Measurement 
of cytoplasmic pH by the DM0 technique in Hydrodictyon africanum. 
J. Exp. Bot. 30:681-695.
Demgen, F . , 1979. Wetlands crea t ion  fo r  h a b i ta t  and treatment a t  Mt.
View Sanitary D i s t r i c t ,  CA, p. 61-73. Aquaculture Systems fo r  
Wastewater Treatment: Seminar Proceedings and Engineering
Assessment, EPA 430/9-80-006.
Dierberg, F.E.,  and P.L. Brezonik. 1982. N i t r i f y i n g  popula t ion 
dens i t ies  and i n h i b i t i o n  of ammonium ox ida t ion  in  natural  and 
sewage-enriched ox ida t ion  in  natura l  and sewage-enriched cypress 
swamps. Water Res. 16:123-126.
199
Dinges, R . , 1976. A proposed in tegra ted  b io lo g ica l  wastewater t r e a t ­
ment system, p. 225-230. In: J. Tourb ier and R. Pierson (eds . ) ,  
B io log ica l  Control  o f  Water P o l lu t io n ,  Univ. Penn. Press, PA.
Dinges, R . , 1979. Development of hyacinth wastewater treatment 
Systems in  Texas, p. 192-231. Aquaculture Systems fo r  Waste­
water Treatment: Seminar Proceedings and Engineering Assessment,
EPA 430/9-80-006.
Draper, N. and H. Smith. 1966. Applied regression analys is .  J.
Wiley & Sons, Inc. , N.Y. 407 pp.
Edwards, G.E., and S.C. Huber. 1979. C, metabolism in  iso la ted  c e l l s  
and p ro top las ts ,  p. 102-112. In: PI. Gibbs and E. Latzko (eds.) 
Photosynthesis I I ,  Springe irVer lag, Be r l in .
Edwards, G.E., H. Nakamoto, J.N. Bu rne l l ,  and M.D. Hatch. 1985.
Pyruvate, Pi d ik inase and NADP-malate dehydrogenase in  C, photo­
synthesis:  p rope r t ies  and mechanism of l i g h t / d a r k  regu la t ion.
Ann. Rev. Plant.  Physiol .  36: 255-286.
Espie, G.S., and B. Colman. 1982. Photosynthesis and inorganic 
carbon t ran sp o r t  in  iso la ted  Asparagus mesophyll c e l l s .  Plant 
Physiol .  70:649-654.
Fassett ,  N. 1960. A Manual o f  Aquatic Plants. U n ive rs i ty  of 
Wisconsin Press, Madison, Wise. 312 pp.
Findenegg, G.R. 1976. Corre la t ions  between a c c e s s ib i l i t y  o f carbonic 
anhydrase f o r  external  substra te and regu la t ion  o f  photosynthet ic  
use o f C0„ and HC0? by Scenedesmus obliquus. Z. P f lanzenphysio l . 
79:428-437. J
Finke, L.R.,  and H.W. Seeley, J r .  1978. Nitrogen f i x a t i o n  (acetylene 
reduct ion)  by epiphytes o f  f reshwater macrophytes. Appl.
Environ. M ic rob io l .  36:129-138.
F r i t z ,  W. and Hel le ,  S.,  1979. Cypress wetlands fo r  t e r t i a r y  t r e a t ­
ment, p. 75-81. Aquaculture Systems fo r  Wastewater Treatment: 
Seminar Proceedings and Engineering Assessment, EPA 430/9-80-006.
Gabrielson, J. Perkins, M. and Welch, E . , 1984. The uptake, t rans ­
loca t ion  and release of phosphorus by Elodea densa.
Hydrobiologia. 111:43-48.
G e r lo f f ,  G.C. 1975. N u t r i t i o n a l  ecology o f nuisance aquat ic p lants . 
EPA-660/3-75-027, Nat ional Environmental Research Center, USEPA, 
Corval1i s , OR. 78 pp.
G e r lo f f ,  G.C., and P.H. Krombholz. 1966. Tissue analysis  as a
measure o f n u t r i e n t  a v a i l a b i l i t y  f o r  the growth o f angiosperm 
aquat ic p lants . Limnol. Oceanog. 11:529-537.
2 0 0
Ghiorse, W.C., and M. Alexander. 1978. N i t r i f y i n g  populat ions and 
the des t ruc t ion  o f  n i t rogen d ioxide in  s o i l .  Microb. Ecol. 
4:233-240.
G l ib e r t ,  P.M., C.F. D 'E l ia ,  and Z. Mlodzinska. 1972. A semiautomated 
pe rsu l fa te  ox ida t ion  technique f o r  simultaneous t o ta l  n i trogen 
and to ta l  phosphorus determinat ion in  natural  waters. WHOI no. 
3954, Woods Hole Oceanographic I n s t i t u t i o n .
Haag, R.W., and P.R. Gorham. 1977. The e f fe c ts  o f thermal e f f l u e n t  
on standing crop and net product ion of Elodea canadensis and 
other submerged macrophytes in  Lake Wabamun, A lber ta . J. Appl. 
Ecol. 14:835-851.
Harvey, R.M., and J.L. Fox. 1973. N u t r ien t  removal using Lemma 
mi nor . J. Water P o l lu t .  Control  Fed. 45:1928-1938.
Hauser, J.R. 1984. Use of water hyacinth aquat ic treatment systems 
fo r  ammonia contro l  and e f f l u e n t  po l ish ing .  J. Water Po l lu t .  
Control  Fed. 56:219-225.
Helder, R .J . ,  and M. Van Harmelen. 1982. Carbon a ss im i la t io n  pa t te rn  
in the submerged leaves o f  the aquat ic angiosperm: Va l1isne r ia
s p i r a l i s  L. Acta Bot. Neerl. 31:281-295.
H e l lq u is t ,  C.B., and G.E. Crow. 1982. Aquatic vascular p lants  of New 
England: Part  5. Araceae, Lemnaceae, Xyridaceae, Eriocaulaceae,
and Pontederiaceae. Sta t ion  B u l l e t i n  523, New Hampshire 
A g r ic u l tu ra l  Experimental S ta t ion ,  Un ive rs i ty  o f New Hampshire, 
Durham, N.H.
H i l l ,  C.G., Jr.  1977. An In t roduc t ion  to  Chemical Engineering Kine­
t i c s  & Reactor Design. J. Wiley & Sons, N.Y.
H i l l ,  W. , Regan, T. and Zickefosse, C. , 1979. Operation and Main­
tenance o f Water P o l lu t io n  Control  F a c i l i t i e s :  A WPCF White
Paper. J. Water P o l lu t .  Control  Fed. 51:899-906.
Hogetsu, D. , and S. Miyachi. 1979. Role o f carbonic anhydrase in 
photosynthet ic  C0o f i x a t i o n  in  C h lo re l la .  Plant Cel l  Phsyiol .
20: 747-756. *
Holaday, A.S. ,  and G. Bowes. 1980. C. acid metabolism and dark CO^  
f i x a t i o n  in  a submersed aquat ic macrophyte ( Hydri11a 
v e r t i c i 1 l a t a ) . Plant Physiol .  65: 331-335.
Holaday, A.S.,  M.S. Salvucc i,  and G. Bowes. 1983. Variable  photo­
syn thes is /pho to resp i ra t ion  ra t io s  in  Hydri11a and other submersed 
aquat ic macrophyte species. Can. J. Bot. 61:229-236.
Hossel l ,  J .C . ,  and J.H. Baker. 1979a. Est imation o f  the growth rates 
of ep iphy t ic  bac te r ia  and Lemna minor in  a r i v e r .  Freshwater 
B io l .  9:319-327.
201
Hossel l ,  J .C . ,  and J.H. Baker. 1979b. A note on the enumeration o f 
ep iphy t ic  bac te r ia  by microscopic methods w i th  p a r t i c u la r  
reference to  two freshwater p lants . J. Appl. Bac te r io l .
46:87-92.
Hough, R.A. 1974. Photoresp i ra t ion  and p ro d u c t i v i t y  in  submersed 
aquat ic vascular p lan ts .  Limnol. Oceanograph. 19:912-927.
Hough, R.A. 1979. Photosynthesis,  re s p i ra t io n ,  and organic carbon
release in  Elodea canadensis Michx. Aquat. Bot. 7:1-11.
Howard-Wi11iams, C . , B.R. Davies, and R.H.M. Cross. 1978. The
inf luence o f periphyton on the surface s t ruc tu re  o f  a Potamogeton 
pect inatus L. lea f  (an hypothesis) .  Aquat. Bot. 5:87-91.
Hutchinson, G.E. 1975. A Trea t ise  on Limnology. Vol. I l l  
L imnological Botany. Wiley In te rsc ience ,  N.Y. 660 pp.
Hyde, H. , Ross, R. and Demgen, F . , 1984. Technology Assessment o f 
Wetlands f o r  Municipal Wastewater Treatment. U.S. EPA Report, 
EPA-600/S2-84-154.
Hyde, H . , Ross, R. and Sturmer, L . , 1984. Technology Assessment of 
Aquaculture Systems fo r  Municipal Wastewater Treatment. US EPA 
Report EPA-600/S2-84-145.
Imamura, M., M. Tsuzuki,  Y. Shiraiwa, and S. Miyachi. 1983. Form of 
inorganic carbon u t i l i z e d  fo r  photosynthesis in  Chlamydomonas 
r e i n h a r d t i i . Plant Cel l  Physiol .  24:533-540.
Inskeep, W.P., and P.R. Bloom. 1985. E x t in c t io n  c o e f f i c i e n t s  of 
Chlorophyl l  a and b in  N,N-dimethylformamide and 80% acetone. 
Plant Physiol .  77:483-485.
Jana, B.B. ,  and S.K. Roy. 1985. Spat ial  and temporal changes of 
n i t r i f y i n g  b a c te r ia l  popula t ions in  f i s h  ponds o f  d i f f e r i n g  
management p rac t ices .  J. Appl. Ba c te r io l .  59:125-204.
Jeschke, W.D., and W. Simonis. 1965. On the uptake of phosphate and 
s u l fa te  ions by leaves of Elodea densa as inf luenced by l i g h t ,  
temperature, and external concentra t ions.  Planta 67:6-32.
Kadlec, R . , 1979. Wetland t e r t i a r y  treatment a t  Houghton Lake, 
Michigan, p. 101-139. Aquaculture Systems fo r  Wastewater 
Treatment: Seminar Proceedings and Engineering Assessment, EPA
430/9-80-006.
Kaplan, A.,  M.R. Badger, and J.A. Berry. 1980. Photosynthesis and 
the i n t r a c e l l u l a r  inorganic  carbon pool in the blue green alga 
Anabaena v a r i a b i l i s :  response to  external C0o Concentrat ion.
Planta 149:219-226. ^
2 0 2
Kaplan, A. 1985. Adaption to COp leve ls :  induct ion and the
mechanism fo r  inorganic  carbon uptake, p. 325-338. In: W.J.
Lucas and J.A. Berry (e d s . ) ,  Inorganic Carbon Uptake by Aquatic 
Photosynthet ic Organisms, Am. Soc. Plant P h ys io l . ,  Md.
Ke i fe r ,  D.W., and R.M. Spanswick. 1979. Corre la t ion  o f adenosine 
tr iphosphate leve ls  in  Chara coral  1ina w ith  the a c t i v i t y  o f  the 
e lec t rogen ic  pump. Plant Physiol .  64: 165-168.
Kerby, N.W., and L.V. Evans. 1983. Phosphoenolpyruvate carboxykinase 
a c t i v i t y  in  Ascoph.yllum nodosum (Phaeophyceae). J. Phycol.
19:1-3.
Kerby, N.W., and J.A. Raven. 1985. Transport and f i x a t i o n  o f i n ­
organic carbon by marine algae. Adv. Bot. Res. 11:71-75.
Kern, D.M. 1960. The hydrat ion of carbon dioxide. J. Chem. Ed.
37:14-22.
Klass, D. and Ghosh, S., 1977. The Anaerobic d iges t ion  of Macrocyst is 
p y r i f e ra  under mesophi l ic cond i t ions ,  p. 323-351. Symposium 
Papers - Clean Fuels From Biomass and Wastes, I n s t i t u t e  o f  Gas 
Technology.
Kremer, B.P.,  and U. Kuppers. 1977. Carboxylat ing enzymes and
pathway o f  photosynthet ic  carbon ass im i la t io n  in  d i f f e r e n t  marine 
algae-evidence fo r  the C^-pathway? Planta 133:191-196.
Kruzic ,  A . , 1979. Water hyacinth wastewater treatment system a t  Walt 
Disney World, p. 257-271. Aquaculture Systems fo r  Wastewater 
Treatment: Seminar Proceedings and Engineering Assessment, EPA
430/9-80-006.
Kun i i ,  H . , 1981. C ha rac te r is t ics  o f the w in te r  growth of detached 
Elodea n u t t a l l i i  (P lanch.)  St. John in Japan. Aquatic Bot. 
11:57-66.
Kun i i ,  H. 1984. Seasonal growth and p r o f i l e  s t ruc tu re  development o f 
El odea nu t ta l  1 i i (P lanch.)  St. John in Pond Ojaga-ike, Japan, 
Aquatic Botany, 18:239-247.
Labeda, D.P., and M. Alexander. 1978. E f fe c t  of S0„ and NCL on 
n i t r i f i c a t i o n  in  s o i l .  J. Environ. Qual. 7:523-526.
Laing, W.A., and J. Browse. 1985. A dynamic model f o r  photosynthesis 
by an aquat ic p la n t ,  Egeria densa. Plant Cel l Environ. 8:639-649.
Langner, C.L. , and P.F. Hendrix. 1982. Evaluat ion of a persu l fa te
d iges t ion  method f o r  p a r t i c u la te  n i t rogen and phosphorus. Water 
Res. 16:1451-1454.
Lapointe, B.E. ,  and J.H. Ryther. 1978. Some aspects of the growth
and y i e l d  o f G ra c i la r ia  t ikvah iae  in  cu l tu re .  Aquaculture 15: 
185-193.
203
Lee, C . , and T.W. McKim. 1980. Reedy creek improvement d i s t r i c t  
water hyacinth program, Quarter ly  Reports 7 and 8, EPA Grant 
#S805655.
Lehman, J.T. 1978. Enhanced t ranspor t  o f inorganic carbon in to  alga l 
c e l l s  and i t s  im p l ica t ions  fo r  the b io lo g ica l  f i x a t i o n  o f  carbon. 
J. Phycol. 14:33-42.
Lloyd, N.D.H., D.T. Canvin, and J.M. Bristow. 1977. Photosynthesis
and photo resp i ra t ion  in  submerged aquat ic vascular p lan ts .  Can. 
J. Bot. 55: 3001-3005.
Lorimer, G.H., M.R. Badger, and T.J. Andrews. 1977. D-Ribulose-
1,5-bisphosphate carboxylase-oxygenase. Anal. Biochem.
78:66-75.
Lucas, W.J. 1975. Photosynthet ic f i x a t i o n  o f  ^Carbon by in ternodal
c e l l s  o f  chara coral 1in a . J. Exp. Bot. 26:331-346.
Lucas, W.J. 1982. Mechanism of a q u is i t i o n  o f exogeneous HCO^  by
internodal c e l l s  o f Chara c o r r a l l i n a . Planta 165:181-192.
Lucas, W.J. 1983. Photosynthesis a ss im i la t io n  o f exogenous HCCk by
aquatic p lants . Ann. Rev. Plant Physiol .  34:71-104.
Lucas, W.J. 1985. Bicarbonate u t i l i z a t i o n  by Chara: a re -an a lys is ,
p. 229-254. In: W.J. Lucas and J.A. Berry (e d s . ) Inorganic  
Carbon Uptake by Aquatic Photosynthet ic Organisms, Am. Soc. Plant 
Phys io l . ,  Md.
Lucas, W.J.,  and R. N u c c i t e l l i .  1980. HCCL t ran sp o r t  and OH t ra n s ­
po r t  across the plasmalemma o f  Chara Corral  1in a : spa t ia l  reso lu ­
t i o n  obtained using e x t r a c e l l u la r  v ib ra t in g  probe. Planta 150: 
120-131.
Lucas, W.J., and J.A. Berry. 1985. Inorganic carbon t ran sp o r t  in 
aquat ic photosynthet ic  microorganisms. Physiol .  Plant.
65:539-543.
Marcus, Y . , M. V o lok i ta ,  and A. Kaplan. 1984. The loca t ion  o f the 
t ranspor t ing  system fo r  inorganic carbon and the nature o f the 
form t rans loca ted  in  Chlamydomonas r e i n h a r d t i i .  J.Exp. Bot.
35:1136-1144.
Matulewich, V .A . , P.F. Strom, and M.S. F ins te in .  1975. Length o f
incubat ion fo r  enumerating n i t r i f y i n g  bac te r ia  present in  various 
environments. Appl. M ic rob ia l .  29:265-268.
Matulewich, V.A. ,  and M.S. F ins te in .  1978. D is t r i b u t i o n  o f  auto- 
t ro p h ic  n i t r i f y i n g  bac te r ia  in  a po l lu ted  r i v e r  ( the Passaic). 
Appl. Environ. M ic rob io l .  35:67-71.
204
McCarty, P.L. 1970. Phosphorus and n i t rogen removal by b io lo g ica l  
systems, In: Proceedings, Wastewater Reclaimation and Reuse
Workshop, Lake Tahoe, CA. June 25-27, 1970.
Mickle, A. and Wetzel, R . , 1978. Ef fect iveness o f  submersed angio- 
sperm-epiphyte complexes on exchange of n u t r ien ts  and organic 
carbon in  l i t t o r a l  systems. Aquatic Bot. 4:317-329.
Middlebrooks, E . , 1980. Aquatic p la n t  processes assessment, p. 43-63. 
Aquaculture Systems f o r  Wastewater Treatment: An Overview, EPA
430/9-80-007.
M i l l e r ,  A.G. 1985. Study of inorganic carbon t ranspor t :  The k in e t i c
react ion approach, p. 17-29. In: W.J. Lucas and J.A. Berry
(eds . ) ,  Inorganic Carbon Uptake by Aquatic Photosynthet ic 
Organisms. Am. Soc. p la n t  P h ys io l . ,  Md.
M i l l e r ,  A.G., and B. Colman. 1980. Evidence fo HCOo t ra n sp o r t  by
the blue-green alga (Cyanobacterium) Coccochlorfs pen iocys t is .  
Plant Physiol .  65:397-402.
M i l l e r ,  A.G., and B. Colman. 1980. Act ive  t ran sp o r t  and accumulation
of bicarbonate by a u n i c e l l u l a r  cyanobacterium. J. Ba c te r io l .  
143:1253-1259.
Miyach i, S., M. Tsuzuki,  and Y. Yagawa. 1985. Carbonic anyhdrase in 
var ious microalgae, p. 145-154. In: W.J. Lucas and J.A. Berry
(eds . ) ,  Inorganic  Carbon Uptake by Aquatic Photosynthet ic 
Organisms, Am. Soc. Plant.  P h ys io l . ,  Md.
Miyachi, S., M. Tsuzuki, and S. Avramova. 1983. U t i l i z a t i o n  modes of
inorganic carbon fo r  photosynthesis in  var ious species o f 
C h lo re l la . Plant Cel l  Physiol .  24:441-451.
Moran, R . , and D. Porath. 1980. Chlorophyl l  determinat ion in  i n t a c t  
t issues using N,N-dimethylformamide. Plant Physiol .  65:478-479.
Moroney, J.V. , H.D. Husic, and N.E. To lber t .  1985. E f fe c t  o f  carbonic 
anhydrase i n h ib i t o r s  on inorganic carbon accumulation by 
Chlamydomonas r e i n h a r d t i i . P lant Physiol .  79:177-183.
Mul l igan, H.F.,  and A. Baranowski. 1969. Growth of phytoplankton and 
vascular aquat ic p lan ts  a t  d i f f e r e n t  n u t r ie n t  leve ls .  Verh. 
In te rna t .  Verein. Limnol. 17:803-810.
Mul l igan, H.F. ,  A. Baranowski, and R. Johnson. 1976. Nitrogen and 
phosphorus f e r t i l i z a t i o n  o f aquat ic vascular p lants  and algae in 
rep l ica ted  ponds. I .  I n i t i a l  response to  f e r t i l i z a t i o n .  Hydro- 
b io log ia  48:109-116.
Murray, R.E., and R.E. Hodson. 1986. In f luence o f macrophyte 
decomposition on growth ra te  and community s t ruc tu re  of 
Okefenokee swamp bacter iop lankton .  Appl. Environ. M ic rob io l .  
51:293-301.
205
Musi 1, C.F.,  and C.M. Breen. 1977. The in f luence o f s i t e  and pos i ­
t i o n  in  the p la n t  community on the n u t r i e n t  d i s t r i b u t i o n  in ,  and 
content o f Eichornia crassipes (M ar t . )  Solms. Hydrobioloqia 
53:67-72.
Nichols, D.S. 1983. Capacity of natura l  wetlands to remove n u t r ien ts  
from wastewater. J. Water P o l lu t .  Control  Fed. 55:495-507.
Nichols, S.A.,  and B.H. Shaw. 1986. Ecological l i f e  h is to r ie s  of 
three aquat ic nuisance p lan ts ,  Myriophyl lum spicatum.
Potamoqeton cr ispus and Elodea canadensis. Hydrobioloqia 
131:3-21.
Nydahl, F. 1978. On the peroxydisulphate ox ida t ion  of t o ta l  n i trogen
in waters to n i t r a te .  Water Res. 12:1123-1130.
O'Brien, W. 1980. Engineering assessment: use o f aquat ic p lants  fo r
wastewater treatment,  p. 63-80. Aquaculture Systems fo r  
Wastewater Treatment: An Engineering Assessment, EPA
430/9-80-007.
O'Brien, W. 1981. Use o f aquat ic macrophytes f o r  wastewater t r e a t ­
ment, Journal o f  the Environmental Engineering D iv is io n ,  ASCE,
107(EE4):681-698.
Osmund, C.B., and J.A.M. Holtum. Crassulacean Acid Metabolism, p. 
283-329. In: M.D. Hatch and N.K. Boardman (eds .)  The Bio­
chemistry of Plants -  A Comprehensive T rea t ise ,  V.8 
Photosynthesis. Academic Press, N.Y.
Ogawa, T . , A. Miyano, and Y. Inoue. 1985. Photosystem-I-dr iven 
inorganic  carbon t ranspor t  in the cyanobacterium, Anacyst is 
n idu lans. Biochim. Biophys. Acta. 808:77-84.
Ogawa, T. , T. Omata, A. Miyano, and Y. Inoue. 1985. Photosynthet ic
react ions involved in  the C0?-concentra t ing  mechanism in  the 
cyanobacterium, Anacystis n iau lans , p. 287-304. In: W.J. Lucas
and J.A. Berry (e d s . ) Inorganic  Carbon Uptake by Aquatic Photo­
syn the t ic  Organisms, Am. Soc. Plant P h ys io l . ,  Md.
Parker, H.S. 1981. The in f luence of r e la t i v e  water motion on the 
growth, ammonium uptake and carbon an n i t rogen composition of 
Ulva lactuca (Chlorophyta).  Mar. B io l .  63:309-318.
Parker, H.S. 1982. E f fec ts  o f  simulated cu r ren t  on the growth rate 
and ni t rogen metabolism of G ra c i la r ia  t i kvah iae  (Rhodophyta). 
Mar. B io l .  69:137-145.
Pershe, E. , 1980. Combined aquaculture systems fo r  wastewater t r e a t ­
ment in  cold cl imates: An Engineering Assessment, p. 105-127.
Aquaculture System f o r  Wastewater Treatment: An Engineering
Assessment, EPA 430/9-80-007.
206
Peverly, J.H. 1985. Element accumulation and release by macrophytes 
in  a wetland stream. J. Environ. Qual. 14:137-143.
Pokorny, J . , J. Kvet, J.P. Ondok, Z. Tou l , and I .  Ostry. 1984.
Product ion-ecolog ica l analys is  of a p la n t  community dominated by 
Elodea canadensis Michx. Aquat. Bot. 19:263-292.
Price, G.D., and M.I.  Whitecross. 1983. Cytochemical l o c a l i z a t io n  of 
ATPase a c t i v i t y  on the plasmalemma of Chara coral 1in a . Proto­
plasma 116:65-74.
Price, G.D., M.R. Badger, M.E. Bassett ,  and M.I. Whitecross. 1985. 
Involvement o f plasmalemmasomes and carbonic anhydrase in photo­
syn the t ic  u t i l i z a t i o n  of bicarbonate in  Chara c o ra l l in a .  Aust.
J. Plant Physiol .  12:241-256.
Price, G.D., and M.R. Badger. 1985. I n h ib i t i o n  by proton bu f fe rs  of 
photosynthest ic u t i l i z a t i o n  o f bicarbonate in  Chara coral  1 in a . 
Aust. J. Plant Physiol .  12:257-267.
Prins, H .B .A . , J.F.H. Snel, R.J. Helder, and P.E. Zanstra. 1979. 
Photosynthet ic HCCL - u t i l i z a t i o n  in  the aquat ic angiosperms 
Potamoqeton and ElOdea. Hydrobiol . Bu l l .  13:106-111.
Pr ins, H .B .A . , J.F.H. Sne l l ,  R.J. Helder, and P.E. Zanstra. 1980. 
Photosynthet ic HCO^ . - u t i l i z a t i o n  and OH excre t ion  in  aquat ic 
angiosperms: l i g h t  induced pH changes at the le a f  surface.
Plant Physiol .  66:818-822.
Prins, H.B.A.,  J.F.H. Snel, P.E. Zanstra, and R.J. Helder. 1982. The 
mechanism of HC03 a ss im i la t io n  by the po la r  leaves of 
Potamoqeton and Elodea: C02 concentrat ions a t  the le a f  surface.
Plant Cel l Environ. 5:207-zl4.
Pr ins, H.B.A.,  and R.J. Helder. 1985. HCOg ass im i la t io n  by
Potaqmoeton 1 ucens: po la r  ca t ion t ransp ro t  and the ro le  o f H+
ex t rus ion ,  p. 271-286. In: W.J. Lucas and J.A. Berry (eds.)
Inorganic carbon uptake by aquat ic,  photosynthet ic organisms. Am. 
Soc. Plant Phys io l . ,  Md.
Radmer, R . , and 0. O l l in g e r .  1980. L igh t -d r iven  uptake of oxygen, 
carbon d iox ide,  and bicarbonate by the green algae Scenedesmus. 
Plant Physiol .  65:723-729.
Ram, N.M., 0. Zur, and Y. Avnimelech. 1982. Microbia l  changes 
occurr ing a t the sediment-water in te r face  in  an in te n s iv e ly  
stocked and fed f i s h  pond. Aquaculture 27:63-72.
Ramsay, A.J. 1974. The use o f autoradiography to determine the 
propor t ion  of bac te r ia  metabol iz ing in an aquat ic hab i ta t .  J.
Gen. M ic rob io l .  80:363-373.
207
Ramsay, A.J. 1977. Aerobic hete rot roph ic  bac te r ia  iso la te d  from
water, mud, and macrophytes o f Lake Grassmere, New Zealand. N.Z. 
J. Mar. Freshwater Res. 11:541-5471.
Raven, J.A. 1984. Energetics and t ranspor t  in  aquat ic p lan ts .  A.R.
L is s , Inc. , N. Y. 587 pp.
Raven, J.A. 1981. N u t r i t io n a l  s t ra teg ies  o f  submerged benthic  p lants :
the a cq u is i t io n  of C,N and P by rhizophytes and haptophytes. New 
Phyto l . 88:1-30.
Raven, J. , B.A. Osborne, and A.M. Johnston. 1985. Uptake o f  C0„ by 
aquat ic vegetat ion.  Plant Cel l Environ. 8:417-425.
Ray, T.B.,  and C.C. Black. 1979. The C, pathway and i t s  regu la t ion ,  
p. 77-101. In: M. Gibbs and E. Latzko (eds .)  Photosynthesis I I ,
Springer Verlag, Be r l in .
Rawlence, D .J . ,  and J.S. Whitton. 1977. Elements in  aquat ic macro­
phytes, water, p lankton, and sediments surveyed in  three North 
Is land lakes. N.Z. J. Mar. Freshwater Res. 11:73-93.
Reddy, K.R. 1981. Die! va r ia t io n s  o f ce r ta in  physico-chemical para­
meters of water in  selected aquat ic systems. Hydrobiologia 
85:201-207.
Reddy, K.R. 1983. Fate o f ni t rogen and phosphorus in  a waste-water
re ten t ion  re se rvo i r  conta in ing aquat ic macrophytes. J. Environ.
Qua!. 12:137-141.
Reddy, K .R . , K.L. Campbell, D.A. Graetz, and K.M. P o r t ie r .  1982. Use 
of b io lo g ica l  f i l t e r s  f o r  t r e a t in g  a g r i c u l t u r a l  drainage e f ­
f luen ts .  J. Environ. Qual. 11:591-595.
Reddy, K .R . , and W.F. DeBusk. 1984. Growth c h a ra c te r i s t i c s  of
aquat ic macrophytes cu ltu red  in  n u t r ie n t  enriched water: water
hyacinth, water le t tu ce ,  pennywort. Econom. Bot. 38:229-239.
Reddy, K.R., and D.L. Sutton. 1984. Waterhyacinths f o r  water q u a l i t y  
improvement and biomass product ion. J.. Environ. Qual. 13:1-8.
Reddy, K.R., and W.F. DeBusk. 1985. N u t r ien t  removal p o te n t ia l  o f  
selected aquat ic macrophytes. J. Environ. Qual. 14:459-462.
Reddy, K.R., and J.C. Tucker. 1985. Growth and n u t r i e n t  uptake of 
pennywort (Hydrocot le umbel la ta  L . ) ,  as in f luenced by the n i t r o ­
gen concentra t ion of the water. J. Aquat. Plant Manage.
23:35-40.
Reed, S., Bastian, R. and Jewel l ,  W., 1979. Engineering assessment of 
aquaculture systems f o r  wastewater treatment: an overview, p.
1-12. Aquaculture Systems fo r  Wastewater Treatment: Seminar
Proceedings and Engineering Assessment, EPA 430/8-80-006.
208
Reed, S., Bast ian, R. and Jewel l ,  W. , 1980a. Engineering assessment 
of aquaculture systems fo r  wastewater treatment:  an overview, p.
1-12. Aquaculture Systems fo r  Wastewater Treatment: An Engi­
neering Assessment, EPA 430/9-80-007.
Reed, S. and Bast ian, R. , 1980b. Aquaculture Systems fo r  Wastewater 
Treatment: An Engineering Assessment, U.S. EPA Report EPA
430/9-80-007.
Robb, F. , B.R. Davies, R. Cross, C. Kenyon, and C. Howard-Will iams.
1979. C e l l u lo y t i c  bac te r ia  as pr imary co lon izers  o f Potamoqeton 
pect inatus L. (Sago pond weed) from a brackish south-temperate 
coastal  lake. Microb. Ecol. 5:167-177.
Rogers, K.H., and C.M. Breen. 1983. E f fec ts  o f epiphyton on 
Potamoqeton cr ispus L. leaves. Microb. Ecol. 7:351-353.
Rowe, R . , R. Todd, and J. Waide. 1977. Microtechnique f o r  most-
probable-number analysis.  Appl. Environ. M ic rob io l .  33:675-680.
Ryan, J .B . ,  D.N. Reimer, and S.J. Toth. 1972. E f fec ts  o f f e r t i l i z a ­
t io n  on aquat ic p lan ts ,  water,  and bottom sediments. Weed Science 
20:482-486.
Ryther, J .H . ,  B.E. Lapointe, R.W Stenberg, and L.D. Wil l iams. 1977.
C u l t i v a t io n  o f seaweeds as a biomass source fo r  energy, p. 83-98.
In: J.T. P fe f fe r  and J .J .  Stukel (e d s . ) ,  Proceedings - Fuels
From Biomass Symposium, Univ. o f I l l i n o i s  Press, Urbana-Champaign, 
ILL.
Ryther, J .H . ,  L.D. Wi l l iams, M.D. Hanisak, R.W. Stenberg, and T.A.
DeBusk. 1978. Biomass product ion by some marine and freshwater
p lan ts .  In ,  W.W. Shuster ( e d . ) Proceedings Second Annual Fuels 
from Biomass Symposium, June 20-22, 1978. Rensselaer Polytechnic 
I n s t i t u t e ,  Troy, N.Y. pp. 947-989.
Salvucci,  M.E., and G. Bowes. 1981. Induct ion o f reduced photo-
re sp i ra to ry  a c t i v i t y  in  submersed and amphibious aquat ic p lan ts .  
Plant Physiol .  67:335-340.
Salvucci,  M.E., and G. Bowes. 1982. Photosynthet ic and photo-
re sp i ra to ry  responses of the a e r ia l  and submersed leaves of 
Myriophyl lum b ra s i l i e n s e . Aquat. Bot. 13:147-164.
Salvucci,  M.E., and G. Bowes. 1983a. Ethoxyzolamide repression o f
the low pho to resp i ra t ion  s ta te  in  two submersed angiosperms.
Planta 158:27-34.
Salvucci,  M.E., and G. Bowes. 1983b. Two photosynthet ic  mechanisms
mediating the low photo resp i ra to ry  s ta te  in  submersed aquat ic 
angiosperms. Plant Physiol .  73:488-496.
209
Seidel,  K. 1976. Macrophytes and water p u r i f i c a t i o n ,  p. 109-121.
In: J. Tourb ier and R.W. Pierson, Jr .  (eds.)  B io log ica l  Control
of Water P o l lu t io n ,  Univ. Penn. Press, PA.
Sharma, B . , and R.C. A h le r t .  1977. N i t r i f i c a t i o n  and n i t rogen removal. 
Water Res. 11:897-925.
Simpson, P.S.,  J.W. Eaton, and K. Hardwick. 1980. The in f luence o f
environmental fac to rs  on apparent photosynthesis and re s p i ra t io n  
o f the submersed macrophyte Elodea canadensis. Plant Cel l 
Environ. 3:415-423.
Smart, M.M., F.A. Reid, and J.R. Jones. 1981. A comparison of
pe rsu l fa te  d iges t ion  and the Kjeldahl procedure fo r  determinat ion 
o f t o ta l  n i trogen in  freshwater samples. Water Res. 15:919-921.
Smith, F.A. 1980. Amine t ranspor t  in  Elodea leaves, p. 627-628. In: 
R.M. Spanswick, W.J. Lucas, and J. Dainty (eds.)  Plant Membrane 
Transport:  Current Conceptual Issues. E lsev ie r /Nor th -Ho l land
Biomedical Press, The Hague.
Smith, F.A. 1982. Transport o f methyl ammonium and ammonium ions by
Elodea densa. J. Exp. Bot. 33:221-232.
Solarzano, L. , and J.H. Sharp. 1980. Determination o f t o t a l  d is ­
solved n i t rogen in  natura l  waters. Limnol. Oceanogr. 25:751-754.
Spangler, F . , W. Sloey, and C.W. Fetter .  1976. Experimental use o f 
emergent vegetat ion fo r  the b io lo g ica l  t reatment o f municipal 
wastewater in Wisconsin, p. 161-171. In: J. Tourb ier and R.W.
Pierson, J r .  ( e d . ) ,  B io log ica l  Control  o f  Water P o l lu t io n ,  Univ. 
Penn. Press, Ph i lade lph ia ,  PA.
Spaulding, M.H., and W.L. Ogren. 1983. Evidence fo r  a saturable
t ranspor t  component in  the inorganic carbon uptake of 
Chlamydomonas r e i n h a r d i i . FEBS Lett .  154:335-338.
Spear, D.G. , J.K. Barr ,  and C.E. Barr. 1969. Loca l iza t ion  o f hydro­
gen ion and ch lo r ide  ion f luxes in N i t e l l a .  J. Gen. Physiol .  
54:397-414.
Stewart, E . , 1979. U t i l i z a t i o n  of water hyacinths fo r  con tro l  of  
nu t r ien ts  in domestic wastewater-Lakeland, F lo r ida ,  p. 273-293. 
Aquaculture Systems fo r  Wastewater Treatment: Seminar Pro­
ceedings and Engineering Assessment, EPA 430/8-80-006.
Stowel l ,  R . , R. Ludwig, J. Co l t ,  and G. Tchobanoglous. 1981.
Concepts in aquat ic treatment system design. J. Environ. Eng.
Div. ASCE 107:919-940.
S t ra t t a ,  J.M. , and D.A. Long. 1980. N i t r i f i c a t i o n  enhancement 
through pH contro l  w i th  ro ta t in g  b io lo g ica l  con t rac to rs ,  p. 
1177-1192. In: E.D. Smith, R.D. M i l l e r ,  and Y.C. Wu (eds . ) .
Proceedings: F i r s t  Nat ional Symposium/Workshop on Rotat ing
B io log ica l  Contactor Technology. U n ive rs i ty  o f  P i t tsbu rh  Press, 
P i t tsburgh ,  PA.
2 1 0
Strom, P.F.,  V.A. Matulewich, M.S. F ins te in .  1976. Concentrations o f 
n i t r i f y i n g  bac ter ia  in  sewages, e f f l u e n ts ,  and a rece iv ing  stream 
and resistance o f  these organisms to ch lo r in a t io n .  Appl. Environ. 
M ic rob io l .  31: 731-737.
Stumm, W. , and J .J .  Morgan. 1981. Aquatic Chemistry. Wiley 
In te rsc ience,  N.Y. 780 pp.
Sutton, D.L. , and W.H. Ornes. 1977. Growth o f Spirodela po ly rh iza  in
s t a t i c  sewage e f f l u e n t .  Aquat. Bot. 3:231-237
Sutton, D.L. , and W.H. Ornes. 1975. Phosphorus removal from s t a t i c
sewage e f f l u e n t  using duckweed. J. Environ. Qual. 4:367-370.
Swett, D. , 1979. A water hyacinth advanced wastewater treatment 
system, p. 233-255. Aquaculture Systems fo r  Wastewater Trea t­
ment: Seminar Proceedings and Engineering Assessment, EPA
430/8-80-006.
Tchobanoglous, G . , S to w e l l , R . , Ludwig, R . , Co l t ,  J. and Knight,  A.,  
1979. The use of aquat ic p lants  and animals f o r  the treatment o f 
wastewater: an overview, p. 35-55. Aquaculture Systems fo r
Wastewater Treatment: Seminar Proceedings and Engineering
Assessment, EPA 430/980-006.
Tchobanoglous, G. and Culp, G. , 1980. Wetland Systems fo r  Wastewater 
Treatment: An Engineering Assessment, p. 13-42. Aquaculture
System fo r  Wastewater Treatment: An Engineering Assessment, EPA
430/9-80-007.
Ting, I .P. 1985. Crassulacean acid metabolism. Ann. Rev. Plant 
Phys. 36:595-622.
Tridech, S., A.J. Englande, J r . ,  M.J. Hebert, and R.F. Wilkinson.
1982. T e r t i a r y  wastewater treatment by the a p p l ica t io n  o f 
vascular aquat ic p lan ts ,  p. 521-539. In: W.J. Cooper (e d . ) ,
Chemistry in  Water Reuse, Vol. 2. Ann Arbor S c i . ,  Ann Arbor,
Mich.
Tsuzuki, M. 1983. Mode o f HC0., - u t i l i z a t i o n  by the c e l l s  of 
Chiamydomonas re in h a r d t i i  grown under ord inary  a i r .  Z. 
P f lanzenphys io l . 110:29-37.
Tucker, C.S. 1981. The e f fe c ts  o f ion ic  form and level o f n i trogen 
on the growth and composition o f Eichornia crassipes (M ar t . )
Solms. Hydrobiologa 83:517-522.
Tucker, C.S., and T.A. DeBusk. 1981. P ro d uc t iv i ty  and n u t r i t i v e  
value of P i s t i a  s t r a t i o te s  and Eichornia crass ipes. J. Aquat. 
Plant Manage. 19:61-63.
Unni, K.S. 1977. The d i s t r i b u t i o n  and product ion of macrophytes in  
Lunz Mi t tersee and Lunz Untersee. Hydrobiologia 56: 89-94.
211
Valderrama, J.C. 1981. The simultaneous analys is  o f  t o ta l  ni t rogen 
and t o ta l  phosphorus in  natural  waters. Marine Chem. 10:109-122.
Van, T . K . , W.T. H a l le r ,  and G. Bowes. 1976. Comparison o f the photo­
syn the t ic  c h a ra c te r is t i c s  o f three submersed aquat ic p lants .
Plant Physiol .  58:761-768.
Vo lak i ta ,  M., A. Kaplan, and L. Reinhold. 1981. Evidence fo r
mediated HCOo t ranspor t  in  iso la ted  pea mesophyll p ro top las ts .  
Plant PhysioT. 67:1119-1123.
Vo lak i ta ,  M., A. Kaplan, and L. Reinhold. 1983. Nature o f  the
r a t e - l i m i t i n g  step in  the supply o f inorganic carbon fo r  
photosynthesis in iso la ted  Asparagus mesophyll c e l l s .  Plant 
Physiol.  72:886-890.
Vo lak i ta ,  M. , D. Zenv i r th ,  A. Kaplan, and L. Reinhold. 1984. Nature 
of the inorganic carbon species a c t i v e ly  taken up by the cyano­
bacterium Anabaena v a r i a b i 1 i s . Plant Physiol .  76:599-602.
Walker, N.A. 1983. The uptake o f inorganic carbon by freshwater 
p lants . Plant Cel l Environ. 6: 323-328.
Walker, N.A. 1985. The carbon species taken up by Chara: a question
of u ns t i r red  layers , p. 31-37. In: W.J. Lucas and J.A. Berry
(e d s . ) ,  Inorganic Carbon Uptake by Aquatic Photosynthet ic 
Organisms, Am. Soc. Plant P h ys io l . ,  Md.
Walker, N.A., F.A. Smith, and I .R. Cathers. 1980. Bicarbonate
a ss im i la t io n  by fresh-water  charophytes and higher p lan ts :  I .  
Membrane t ranspor t  o f  bicarbonate ions is  not proven. J.
Membrane B io l .  57:51-58.
Weber, A.S. 1983. Mechanisms and p re d ic t io n  o f  ammonia ni t rogen 
conversion in  water hyacinth treatment systems. Ph.D. 
D isse r ta t io n ,  Univ. C a l i f o rn ia ,  Davis.
Weber, A. and Tchobanoglous, G . , 1984. F ixe d - f i lm  n i t r i f i c a t i o n  using 
water hyacinths, Proceedings, Second In te rn a t io na l  Conference on 
Fixed-Fi lm B io log ica l  Processes, Washington, D.C.
Weber, A.S.,  and G. Tchobanoglous. 1985a. N i t r i f i c a t i o n  in  water 
hyacinth treatment systems. J. Environ. Eng. 111:699-713.
Weber, A.S.,  and G. Tchobanoglous. 1985b. Rat ional design parameters 
fo r  ammonia conversion in  water hyacinth treatment systems. J. 
Water P o l lu t .  Control  Fed. 57:316-323.
Westlake, D . , 1967. Some e f fe c ts  o f lo w -ve lo c i t y  currents  on the
metabolism o f  aquat ic macrophytes. J. of  Exp. Bot. 18:187-205.
Westlake, D . , 1982. The Primary P ro d u c t iv i t y  o f  Water Plants, p.
165-180. Studies on Aquatic Vascular Plants, ed. by J. Symoens, 
S. Hooper and P. Campire, Royal Botanical Society o f Belgium.
2 1 2
Wheeler, W., 1980. E f fe c t  o f  boundary layer  t ra n sp o r t  on the f i x a t i o n  
o f carbon by the great kelp Macrocyst is p y r i f e ra .  Mar. B io l .  
56:103-110.
White, M. and P.L. Bishop. 1984. Evaluat ion o f f i v e  species of
temperate c l imate  aquat ic p lants  fo r  a p p l ica t io n  in  aquaculture 
treatment o f wastewater, pp. 564-572. In: M. P i rb iz z a r i  ( e d . )
Proceedings o f the 1984 National Environmental Engineering Con­
ference. ASCE Press, N.Y.
Wise, D. Augenstein, D. and Ryther, J . , 1979. Methane fermentat ion of 
aquat ic biomass. Resource Recovery and Conservation. 4:219-224.
Wolverton, B . , 1979. Engineering design data f o r  small vascular 
aquat ic p lan t  wastewater treatment systems, p. 179-192. 
Aquaculture Systems fo r  Wastewater Treatment: Seminar
Proceedings and Engineering Assessment, EPA 430/9-80-006.
Wolverton, B.C., and R.C. McDonald. 1979. Upgrading f a c u l t a t i v e  
wastewater lagoons w i th  vascular aquat ic p lan ts .  J. Water 
P o l lu t .  Control  Fed. 51:305-313.
Yeoh, H.-H.,  M.R. Badger, and L. Watson. 1981. Var ia t ions  in  k in e t ic  
p roper t ies  o f  r ibu lose-1,5-b isphosphate carboxylase among p lants . 
Plant Physiol .  67:1151-1155.
Yonika, D. , 1979. Effect iveness o f  a wetland in  eastern Massachusetts 
in Improvement o f municipal wastewater, p. 91-100.
Aquaculture Systems fo r  Wastewater Treatment: Seminar
Proceedings and Engineering Assessment, EPA 430/9-80-006.
Zuberer, D.A. 1982. Nitrogen f i x a t i o n  (acetylene reduct ion)
associated w ith  duckweed (Lemnaceae) mats. Appl. Environ. Micro­
b io l .  43:823-828.
Zuberer, D.A. 1984. Microb ia l  co lon iza t ion  of some duckweeds
(Lemnaceae): examination by scanning and transmiss ion e lec t ron
and l i g h t  microscopy. Aquat. Bot. 18:275-285.
APPENDIX I
HCO^  Dehydration
The HCO^  ion dehydrates to form C02(aq) by two concurrent 
react ions (Stumm and Morgan, 1981; Kern, 1960). At pH values >8 
( M i l l e r ,  1985), d i r e c t  dehydroxylat ion occurs:
kl[1 ]  HCO, ------C0,(aq) + OH
k-1
This is  thought to  be r e l a t i v e l y  slow a t  room temperature (Stumm and
-4 -1Morgan, 1981), w ith  react ion ra te  constants o f  K-j = 2 x 10 s and 
K_1 = 8.5 x  103 M_1 s " 1 a t  25°C ( M i l l e r  and Colman, 1980). At lower 
pH values (<8),  d i r e c t  dehydrat ion occurs and involves the formation 
of H2CO2 as an intermediate (Stumm and Morgan, 1981; Kern, 1960).
+ k2[2 ]  H + HC03.......... ..■--> H2C03 , and
k-2
k3[3 ]  H2C03 C02(aq) + H20.
k-3
Reaction [2 ]  is  thought to  be almost instantaneous (Stumm and Morgan, 
1981) whi le  Reaction [3 ]  is  thought to be the r a t e - l i m i t i n g  react ion . 
The value o f  the ra te  constants (a t  25°C) are k2 = 4.7 x lO1^ M 1 s , 
k_2 = 8 x 106 s’ 1, k3 = 11.9 s’ 1 , and k_3 = 3 x 10 2 s 1 (Stumm and 
Morgan, 1981). Dehydration o f HC03 at neutral  pH values can take 
from 20 to 60 seconds (Lehman, 1978; Stumm and Morgan, 1981) because
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of the r e s t r i c t i o n  imposed by reac t ion  [3 ] .  I t  is  t h i s  slowness which
allows p lan t  ph ys io log is ts  to  conduct short  term (5-40 seconds) carbon
14 - 14uptake studies using H CO^  (o r  C02) as the sole isotope source to 
examine ac t ive  t ra n sp o r t  and photosynthet ic  f i x a t i o n  o f a sp e c i f i c  
form of inorganic carbon (see M i l l e r ,  1985). The short  term t ranspor t  
and f i x a t i o n  studies used in t h i s  research were conducted a t a buffered 
pH of 7.25, so th a t  react ions [2 ]  and [3 ]  were the only dehydrat ion 
react ions occurr ing  in  so lu t io n  during the t ranspor t  assay ( reac t ion  
[1 ]  can be neglected).  Reactions [2 ]  and [3 ]  can be combined:
+ ^f
[4 ]  H + HC03 ■ T C02(aq) + H20
kb
with the ra te  constants = 7.0 x 10^ M  ^ s "* (equal to  k2k3/k_2) and 
k^ = 3 x 10 ^ s  ^ (equal to k_3) a t 25° (Stumm and Morgan, 1981). k^
(or  k_3) is  a pseudo f i r s t  order ra te  constant because the 
concentrat ion o f water is  e s s e n t ia l l y  constant.
To ca lcu la te  the formation o f  C02(aq) from the dehydrat ion of 
HCO^  , react ion  [4 ]  must be c l a s s i f i e d  as to type and order. I t  
conforms to the c l a s s i f i c a t i o n  o f  a second-and f i r s t - o r d e r  reve rs ib le  
react ion  such as:
kf[5 ]  A + B  > C (see Capellos and B ie ls k i ,  1972)
*  kb
where the concentra t ion o f  water is  u n i ty  (55.4 M) and included in  k^, 
and co n t r ibu t ions  o f H+ from the p ro to ly s is  o f water are n e g l ig ib le  
(Stumm and Morgan, 1981). The ca lcu la t ion s  o f C02(aq) produced and 
HCO^  consumed during dehydrat ion is  made simpler through the use of x 
which describes the concentra t ion  change over time t .  Therefore




at t  = 0 [A ] q [B ]o 0,
a t t  = t ( [ A ] q -  Xt ) ( [ B ] 0 -  x t )  Xt ,
at t  = e q u i l ib r ium  ( [ A ] q - x e) ( [B ]Q - xe) Xe
Reaction [ 5 ] ,  in  terms o f  the values o f  [A ] q , [B ]Q, x ,  and xe , can be 
described mathematical ly i f  [A] and [B] are i n i t i a l l y  i d e n t ic a l  and 
[C] is  i n i t i a l l y  0. While these condit ions are not necessar i ly  met 
during the short  term assays ( i . e .  H+ and HCOg are not equal,  but see 
Stumm and Morgan, 1981), the use o f t h i s  approach does i l l u s t r a t e  the 
slow ra te  o f dehydrat ion at pH 7.25. The ra te  equation o f  equat ion
[5 ]  takes the form:
[6 ]  ^  = kf  (AB) - k^C which a t  t ime t = t  becomes
(given th a t  A = B = [ A ] q - x,  and C = x)
[ 7 ]  $  = kf  ( [ A ] 0 - x ) 2 - kb x
and which a t t ime t  = e q u i l ib r ium  becomes,
[8 ]  $  = kf  « A ] 0 - x e )2 -  kb xe or ,
[9 ]  0 = Vf - Vfa ar,d
k f  ( [ A l  -  x ) 2
[10] kb = ---------- ]
An in tegra ted  so lu t ion  to  equat ion [7 ]  ( a f t e r  s u b s t i tu t io n  o f  [10]
in to  [ 7 ] )  is  given by Capel los and Bi el ski  (1972) in  a modif ied form 
here so th a t  the e q u i l ib r ium  "c lo ck " ,  t ,  can be used to  solve the 
change in  HCO^  over time:
[ 1 1 ]
x e ( [ A ] q -  Xex )
To use equat ion [1 1 ] ,  i t  is  f i r s t  necessary to  solve fo r  xe so th a t  
only one unknown is  present in  [11 ] .  xe can be found by equating 
and (the forward and backward react ion v e lo c i t i e s  in  [ 8 ] )  to  each 
other a t e q u i l i b r i a .  This is  done by rearranging [ 8 ] ;  so when d x /d t  = 
0 at e q u i l ib r iu m ,  [8 ]  becomes:
Equation [13] can be solved as a simple quadrat ic where f o r  purposes
and x e . t  can then be determined fo r  each x- This is  done instead of 
solv ing fo r  x as a func t ion  o f  t ime which would requ ire  t r i a l  and 
e r ro r  analyses. The values of t ,  and as a func t ion  o f  x are 
shown in Table A1. The a s te r is k  ind ica tes  e q u i l i b r i a  values.
[ 12] Vf  = Vb , and
[13]
of t h i s  discussion [H+] = [HCO^ ]  = 7.943 x 10 ® M (a t  pH 7.25) and xe 
“ 8equals 1.0944 x 10 M. By se lec t ing  a range o f  values o f x between 0









M-s 1 x 10
0.1094 (0 .1 ) 2.65 4.295 0.328 3.967
0.3203 (0 .3 ) 8.99 4.067 0.960 3.107
0.5472 (0 .5 ) 17.51 3.828 1.641 2.187
0.6566 (0 .6 ) 23.10 3.716 1.969 1.747
0.7661 (0 .7 ) 26.80 3.605 2.298 1.307
0.9849 (0 .9 ) 58.54 3.388 2.955 0.433
1.0834 (0.99) 117.49 3.293 3.2502 0.043
1.0942 (0.999) 176.00 3.283 3.283 0.001
1.0944* (1.00) >300* 3.283* 3.283* 0.000*
